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SUMMARY 
This thesis describes an attempt to identify the DNA poly-
merase responsible for replicative DNA synthesis in E. coli by 
isolating mutants which exhibit temperature-sensitive DNA synth-
esis and mutator activity as a result of a single mutation, and 
testing such mutants for a defect In one of the known DNA poly-
merases. 
A procedure for the isolation of mutator mutants of E. coil 
and the properties of a number of mutator mutatita obtained are 
described. 	Four mutator mutants which were temperature-sensitive 
for growth were isolated by selection for the mutator or temper-
ature-sensitive characteristic; however none of these mutants 
proved to be of the type sought. 
A number of temperature-sensitive dna mutants previously 
isolated by other workers were screened for imitator activity. 
All three dnaE mutants tested were found to exhibit mutator act-
ivity and the mutator activity was shown to result from the dna 
mutation in the case of at least one mutant, 	- 511E. 	This result 
shows that the product of the dnaE gene is involved in base 
selection during replicative DNA synthesis. 
Attempts to purify DNA polymerases II and III from crude 
extracts of p2l E. coli cells prepared by treatment with lysozyme 
followed by cycles of freezing and thawing proved unsuccessful.-  
The properties of the DNA synthesis observed in the crude extract 
were studied and this system was used for preliminary tests for 
a defective D3A polycrase in dnaE mutants. 
DNA synthesis in crude extracts was found to be completely 
dependent on ATP. No synthesis was detected in freshly prepared 
lysates of recB cells indicating a requirement for the ATP, 
dependent exonucloase coded for by the recB gene. However 
DNA synthesis was observed in lysates of recB cells after 
storage at 4  and in freshly prepared lysatos on addition of 
suitable primer DNA. 	It was concluded that the DNA synthesis 
observed in this sytem does not take place at the replicating 
fork which pre-exiotod in vivo but at artificial primer cites, and 
that the recB nucleace is required for the conversion of endogen-
ous DNA to a suitable primer in freshly prepared lysates. 
DNA synthetic activity was assayed at 300  and 
40  in extracts 
of a 	derivative of the group E mutant, 	-486E 9 and a 
control. 	Synthesis appeared to be partially defective at both 
300 and 400  in dna-486E. This result is consistent with the 
presence of a defective DNA. polymerase in -486E. (Recently the 
dnaE gone has been shown to code for DNA polymerase III.) 
Since it it possible that components of the replicating 
complex other than thd polytnerase are required for synthesis in 
the crude system, r derivatives ofa group B mutant, 	-70B 9 
and a group G mutant, Ana-308G, were also tested for temperature-
sensitive DNA synthesis in this system. The dnaB gene product 
does not appear to be required for synthesis in the crude system. 
The results of tests with dna-308G were inconclusive. 
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This introduction summarises the present knowledge of DNA 
replication. In vivo DNA replication, in vitro DNA synthesis 
and the genetics of DNA replication are reviewed. 
A. In vivo Replication of DNA in E. Coli 
DNA consists of an antiparallel double helix of two 
complementary polynucleotide chains, related to one another 
by specific base-pairing (Watson and Crick, 1953). 	DNA 
duplication is semi-conservative; the two parental polynucleo-
tide chains separate and each acts as a template on which a new 
complementary strand is synthesised (Meselson and Stahl, 1958; 
Cairns, 1962; Baldwin and Shooter, 1963). 
In E. coli replication is initiated at a fixed point and 
proceeds in both directions (Masters and Broda, 1971). 	The 
replicating chromosome has been visualised by autoradiography and 
found to be a closed circular structure with two forks (Cairns, 
1963a), presumably the loci at which replication is taking place. 
The rate of DNA synthesis at a single growth point is constant 
throughout the life cycle (Cairns, 1963b; Bonhoeffer and Glerer, 
1963; Clark and Maaloe, 1967; Helmetetter,  1967). 	The max- 
2, 
imum rate of synthesis has been estimated to correspond to add-
ition of approximately 1.5 x 1O 3 bases per Sec. to each growing 
chain, (Cairns, 1963b; Cooper and Helmstetter, 1968; Verner, 
1968). 	The rate of cellular DA synthesis Is controlled by the 
rate of initiation of rounds of replication (Helmetetter, et al., 
1968). 
) The repli'cating fork 
Cytological studies have shown one point of contact between 
the nuclear body and the bacterial membrane (Ryter and Jacob, 
1966; Pyter, 1968). 	Replicating forks have been isolated 
attached to fast-sedirnenting structures (Smith and Hanawalt, 1967; 
Fuchs and Hanawalt, 1970), however no membranous material such 
as lipid was found in thece structures (Fuchs and Hanawalt, 1970) 
and attachment of the replicating fork to the membrane is not 
established. 
Two processes occur at the replication fork, separation of 
the two strands of the parental double helix and synthesis of 
new complementary strands. It is possible that unwinding and 
synthesis are concerted processes or that they occur by independ-
ent mechanisms, in which case unwinding need not necessarily be 
driven by a process occuring at the replicating fork. 
ii) Chain Elongation 
DNA phosphorus derives from the phosphorus attached to the 
5 1 -positlon of the nucleotide precursor (Price et. al., 1967). 
The deoxynuc1eot1de_5_moriophosphtes  are not the direct precur- 
sors of DNA (see Bonhoeffer and I4esser, 1969). All in vitro 
systems studied to date require deoxynucleotide-5 0 -triphosphate 
precursors; however there is some evidence that in vivo the 
3. 
precursors are not drawn directly from the triphosphate pool and 
may be deoxynucleotide-51-diphosphate derivatives (Werner, 1971b). 
The DNA polymerasee isolated from mammalian cells, bacteria 
and phage-Infected bacteria are capable of synthesising DNA in 
the 5 1 -to-3' direction only by the addition of deoxynucleotide 
precursors to the 3 1 -hydroxyl end of the growing chain (Richard-
son, 1969). 	Since two strands of apposite polarity are synthe- 
sised concurrently as the replicating fork proceeds along the 
chromosome, a mechanism is required for synthesis of chains in 
the 3'-to-5' direction using 5 1-triphospbates. 	This could be 
achieved by the addition of 5 0 -triphosphates to an activated 
5 1 -end (fig. lÀ) (Mitra and Kornberg, 1966). 	However, no such 
reaction has been found to occur in vitro (Richardson, 1969). 
Alternatively all synthesis could occur with 5'-to-3' polarity, 
the 5 1 -OH terminus of the growing chain being extended by join-
ing to it polynucleotide fragments synthesised "backwards" from 
the fork. Models involving discontinuous synthesis of this 
type have been proposed (fig. lB & IC) (Mitra and Kornberg, 1966; 
Gilbert and Dressier, 1968; Okazaki et. al., 1968). 	Such 
models require de novo initiation of DNA synthesis which is diff-
icult to reconcile with the fact that all known polymerases 
require a 3 1-hydroxyl primer for initiation (Richardson, 1969; 
Kornberg, 1969). An alternative model (fig. 1D) overcomes this 
problem. Synthesis is initiated on the 3 1 -OH terminus of the 
chain with 5 1 -to-3' polarity and after a short distance the poly-, 
merase switches to the complementary parental strand as template 




Figure 1. 	Models of DNA chain elongation 
One strand is synthesised in the 5'-to-3' direction, 
the other in the 3'-to-5' direction. 
Both strands are synthesised in the 5'-to-3' direction. 
The chain with 3'-to-5' polarity is synthesised disontinuously. 
Both strands are synthesised discontinuously in the 
5'-to-3' direction.. 
Synthesis is initiated on the strand with 5'-to-3' polarity 
and switched periodically to the other parental strand as 
template. 	The apex of the loop is nicked and synthesis 
reinitiated. 
The direction of synthesis is indicated by arrows. 
4. 
endonuclease at the fork uakes available a new 3'-OH priming and 
for further extension. The 5 1-OH end of the growing chain is 
extended by joining to it the small fragments produced (Guild, 
1968; Kornberg, 1969; Richardson, 1969), 
Models involving discontinuous synthesis predict the exist-
ence of short polynucleotide fragments at the growing fork. 
Single stranded fragments of low molecular weight (Okazaki frag- 
ents) have been recovered after extraction (in alkali or at 
neutral pH) of DNA synthesised during short times of pulse-
labelling. 	After longer, periods of labelling progressively more 
of the labelled DIA is found to be of high molecular weight. 
(Okazaki et. a], 1968; Oishi, 1968). 	These models also predict 
the existence of an enzyme capable of joining single strand breaks 
in DNA. 	Such an enzyme, polynuc].eotide ligase, has been found 
in E. coli (Gellert, 1967; Olivera and Lehman, 1967) and Okazaki 
fragments have been found to accumulate in the absence of funct-
ional polynucleotide ligase (Pauling and Hamm, 1969). 
Okazaki fragments have not been shown to be essential inter-
mediates in DNA replication and much of. the. available data is 
conflicting. 	The results of Okazaki et. a].., (1968) and Pauling 
and Hamm (1969) suggest that discontinuous synthesis occurs on 
both strands; however Okazaki fragments from B. subtilis, which 
replicates its DNA in one direction, have been shown to hybridise 
with only one of the parenta1 strands (Kainuma and Okazaki, 1970), 
and Iyer and Lark (1970) have shown that more than 5036 of the 
labelled DNA recovered from E coli after short pulses is in high 
molecular weight pieces of variable size, consistent with discont-
inuous synthesis on one strand only. Much of the available data 
5. 
on Okazaki fragments has been obtained using pulses of 311-thy-
rnidine but the majority of DNA pulse labelled with thymidine does 
not originate from the growing point (Fuchs and Hanawalt, 1970; 
Terner, 1971a). 	DiA labelled with 3H-thymine is preferentially 
associated with the replicating complex (Fuchs and Hanawalt, 1970) 
and most of this label appears first in large pieces of DNA 
(Werner, 1971a). Werner suggests that Okazaki fragments are the 
result of accumulation of single strand interruptions in DNA and 
that thymidine is preferentially, used in the repair synthesis 
accompanying the joining of such gaps. Whether Okazaki fragments 
are artefacts or not, there is evidence for asymmetry at the rep- 
licating fork. Inman and Schnos (1971) have examined replicat- 
ing lambda DNA molecules by electron microscopy and observed that 
one of the two daughter molecules at the replicating fork was 
frequently joined to the parental double helix by a segment of 
single-stranded DNA. 
iii) Unwinding 
The requirement of purified DNA polymerase for single-stranded 
template suggests that the two strands of the parental double helix 
may be separated in the region ahead of the DNA synthesising 
complex. Since double-stranded DNA is overwhelmingly more stable 
than single-stranded DNA under physiological conditions in vitro, 
(I4armur and Doty, 1962) a mechanism for stabilising the separated 
strands would seem necessary. A protein which binds co-operat-
ively to single-stranded DNA and catalyses the denaturation and 
renaturation of DNA under physiological conditions in vitro, has 
been isolated from E. coli cells infected with Tk (Alberts et. al., 
1968; Alberta and Frey, 1970; Alberts, 1970). 	This protein is 
6 . 
the product of the phage gene 32 and is known to be required for 
DNA replication and genetic recombination in Tk (Epstein et. al., 
1963; Tomizawa et. al., 1966). 	Gene 32 protein liBa a struct- 
ural role in DNA replication since approximately 10000 molecules 
are produced perinfected cell yet the amount of protein produced 
directly limits the number of progeny phage produced. 	(Snustad, 
1968). Sufficient gene 32 protein is produced to provide up to 
170 molecules per growing fork and a complex of 32-protein with 
DNA contains about one molecule of protein for every ten single-
stranded DNA nucleotides. This would allow the stabilisation, 
of approximately 1700 nucleotides at each replicating fork (Alberta 
and Frey, 1970). 	,. 
In vitro experiments have shown that Tk DNA polymeraae act-
ivity is stimulated by gene 32-protein (Alberta, 1970). 
B. In vitro synthesis Of DNA 
In order. to study the biochemistry of chromosome replication 
an in vitro system with the basic features of in vivo DNA replic-
ation is required. 	The criteria for such asystem are 1) semi- 
conservative synthesis of DNA at a rate equivalent to rep].icative 
synthesis in vivo 2) normal biological activity of the DNA 
synthesised 3) synthesis at the replicating fork vjhich pre-existed 
in vivo k).expected phenotypic behaviour of mutants in which DNA 
synthesis is defective. 
Over 90% of the DNA synthesis observed in crude extracts of 
E. coli is carried out by Kornberg polymerase (DNA polymerase I). 
This enzyme has been purified and studied extensively (Korrberg, 
1969). Although polymerase I-dependent DNA synthesis satisfies 
7 . 
some of the above criteria, it is unlikely that this enzyme 
is responsible for réplicative DNA synthesis in vivo since, 
mutants of E& coli have been isolated which have little or no 
detectable polymerase I activity in vitro but nonetheless grow 
normally (de Lucia and Cairns, 1969). 	The mutation in the strain 
of de Lucia and Cairns is a recessive amber mutation designated 
pol Al (Gross and Gross, 1969) and the Pol A locus has been 
shown to be the structural gene for polymerase I (Kelley and 
Whitfield, 1971). It is probable that polymorase I is a repair 
enzyme since 	mutants exhibit a decreased ability to repair 
single strand gaps in DNA (for review see Gross, 1971) andpurif-
ied polymerase I has many properties consistent with an involvment 
in repair processes (see e.g Kornberg, 1969; Kelly et a1, 1969). 
Though the evidence available does not constitute conclusive proof 
that DNA polymerase I is not involved in DNA replication in viy, 
the existence of k2f  mutants with no detectable polymerase I 
activity in vitro has facilitated the study of other In vitro DNA 
synthesising systems. 
In vitro DNA synthesis which is independent of polymerase I 
has been detected in toluene-treated cells and in crude lysate 
systems. An enzyme, DNA polymerase II, which catalyses the poly-
merisation of deoxynucleOtide-51-triPhOsPhate& has been isolated 
from Pol E. coli. 	The DNA synthesis observed requires all 
four deoxynucleotide-5 1-triPhOsPhates and magnesium and the pro-
duct is 	sensitive. 	The synthesis differs from polymerase 
1-dependent synthesis in that it is insensitive to antiserum to 
polymerase I and inhibited by suiphydryl-blocking agents (e.g. 
N-ethyl maleimide and p-chloromercUribenzoate) which do not affect 
polyrnerase I. 	The same amount of activity can be detected in 
and 	cells, showing that the synthesis is not due to an 
altered DNA polymerase I. resulting from the pol Al. mutation. 
j) DNA Synthesis in toluene-treated cel ls  
Moses and Richardson (1970a) have studied DNA synthesis in 
E. coil cells made permeable to deoxynucleotide triphosphates by 
treatment with toluene. The synthosis observed does not require 
exogenous DNA and is stimulated ton to twenty fold by ATP. 	In 
the presence of APP synthesis proceeds for approximately one hour 
at a linear rate comparable to the rate of synthesis in vivo. 
There is good evidence that the synthesis observed In toluene- 
treated E. coil cells corresponds to in vivo replicative synthesis. 
DA synthesis is semi-conservative and is thermosensitive in two 
genetically distinct classes of E. coil mutants in which invivo 
DNA synthesis is blocked at high temperature (Moses and Richardson, 
1970a; Koblyama and Kolber, 1970; Mordoh et. al., 1970). 	Further- 
more in toluene-treated cells of B. subtilis it has been shown 
that the DNA synthesised has full biological activity when assayed 
by transformatiox and that the synthesis occurs at the fork which 
existed prior to toluenisation (Matsuchita et. al., 1971). 
Two Interesting features of the "replicative" DNA synthesis 
observed in toluene-treated cells are the marked stimulation by 
ATP and the dependence on K ions observed by Mordoh et. al., (1970). 
It is unlikely that the ATP is required for the protection of 
the precursors against degradation since polymerase I dependent 
synthesis under the same conditions (see below) is not ATP depend-
ent. Nor is ATP required for limited degradation of the template 
DNA by the ATP-dependent exonuclease coded for by the rec B gene 
ME 
(Barbour and Clark, 1970; Oishi, 1969) since synthesis was shown 
to be normal in rec B 'cells (Moses and Richardson, 1970a), 
A second type of DNA synthesis was observed in toluene-treated 
1+ cells after activation of endogenous endonuclease or addition 
of exogenous pancreatic DN'ase. This synthesis is dependent on 
poiymerase I since it is inhibited by antiserum to polymerase I 
and absent from pol cells 	DNA polymerase I dependent synthe- 
sis is not semi-conservative and is probably the result of 'repair 
activity at sites created by the DN'ase (Moses and Richardson, 
1970a). 
ii) DNA synthesis, in Crude Lysates 
DNA synthesis has been observed by several groups of workers 
in membrane fractions prepard after gentle lysis of epheroplasts 
(Smith et.. al., 1970; Knippers and Stratling, 1970; Okazaki et. 
al., 1970). 'Synthesis is independent of added primer, semi- 
conservative and stimulated up to three fold by' ATP. 	The DNA 
synthetic activity observed is short lived; the rate of synthesis 
levels off after one to two minutes at temperatures between 200 
and 370, The rate of chain elongation during the first thirty 
seconds was calculated to be 1.5 x 10 3 nuclooti'des I second, 
which is comparable to the rate of synthesis in vivo (Smith at. 
al,, 1970). 	The initial rate of synthesis observed by Knippers 
and Stratling ,was of the same order of magnitude. 
It is unlikely that synthesis stops due to inactivation at 
the assay temperature or the depletion of precursors, since pre-
incubation in the absence of precursors has no effect on subsequ-. 
ent synthesis and addition of more deoxynucleotides during the 
assay does not increase the amount of DNA synthesised (Smith 
10. 
al., 1970);. also purified polymerase I added to the preparation 
shows linear synthesis for thirty minutes (Knippers and Stratling, 
1970)4 Synthesis is not affected by shearing with a vortex 
mixer, showing that the integrity of the bacterial chromosome is 
not required. 
The membrane association of the DNA synthesising activity 
has been investigated by Stratling and Knlppers (1971). These 
workers have shown that the fast-sedimenting complex with which 
the DNA synthetic activity is associated is comprised of cell 
wall fragments, membrane lipids, approximately 20% of the cell-
ular protein and most of the bacterial chromosome. The DNA 
synthesising activity can be released from this complex by 
ultrasonication which releases the DNA but not the membrane lipid 
and protein from the complex. The detergent Triton X-lOO 
(p*isoethylpolyoxyethylenephenol polymer) solubilised the DNA 
synthesising activity whilst leaving the DNA. associated with the 
membrane. These results are interpreted to mean that the DNA 
synthesising activity is associated with the bacterial chromosome 
rather than the membrane and that the chromosome is attached to 
the membrane by structures other than the DNA synthesising complex. 
The study of in vitro DNA synthesis in lysates of phage-infected 
cells has provided evidence that the synthesis observed corresponds 
to in vivo replication. Knippers and Stratling (1970) found 
that the fraction of synthesis which was phage specific in extracts 
ofX 174-infected cells was the same in.vitro as in vivo, and 
• that the hybrid and heavy X 174-specific DNA synthesised, 
using dBUTP to replace TTP, was biologically actiYe in the epherO 
plast assay. Okazaki et. al., (1970) examined the DNA synthesis 
Li. 
in membrane fractions made at various times after infection of 
gf cells with Tk. The DNA synthesising activity in the prep-
aration changed in parallel with DNA synthesis in vivo. T4- 
specific DIA synthesising activity was not found when the cells 
were infected with TLf amber mutants unable to synthesis DNA in 
vivo. Much of the DNA synthesised was of low molecular weight 
and some single stranded (Knippers and Stratling, 1970; Okazaki 
et. al, 1970) and the ØX 174 DNA synthesised in vitro was linear, 
whilst the unreplicatod infecting DNA retained its closed circul-
ar structure (Knippers and Stratling, 1970)6 	These facts 
suggest a defect in joining in vitro. 	Addition of ligase during 
the reaction had no effect. 
DNA synthesising activity has also been detected in the super-
natant fraction of cells lysed by ultrasonication or in a pressure 
cell (Loeb et. al., 1971; Kornberg and Geftor, 1970). 	Both 
methods of lysis caused extensive shearing of DNA and the presence 
of the MA synthetic activity in the supernatant presumably results 
from its association with DNA - as proposed by Stratling and Knippers 
(1971). 	The DNA synthesis observed was completely dependent on 
added double stranded primer DNA, and Stimulated up to three fold 
by ATP. Synthesis ceased after approximately one minute (Korn-
berg and Gofter,1970).. ICornborg and Geftor purified the super-
natant activity approximately twenty fold and found that the 
purified system exhibited a linear rate of synthesis for at least 
thirty minutes over a ten-fold range in concentration and was no 
longer stimulated by ATP. 
iii) DNA Polymerase II 
An enzyme capable of polymerising deoxribonucleotide-51.. 
12. 
triphosphatee has been extracted from p01 AA cells and purified 
to homogeneity (Knippers, 1970; Moses and Richardson, 1970b; 
Kornberg and Gefter, 1971). 	This enzyme has also been purified 
from pol cells (Moses and Richardson, 1970c). 	The purified 
enzyme, designated polymerase II, is completely dependent on added 
primer and is not stimulated by ATP. High molecular weight DNA, 
single-stranded DNA, and single- or double-stranded closed circles 
are poor primers. Nicks introduced by pancreatic DN'ase do not 
increase the priming efficiency of double-stranded DNA. DNA 
sonicated to pieces of approximately one million molecular weight 
or high molecular weight DNA partially digested with exonuclease 
III are the most efficient primers (Knippers, 1970). 	Polymerase 
II is unable to commence synthesis at nicks and appears only to 
fill in single-stranded gaps in double-stranded DNA. The prod- 
uct is covalently linked to the primer (Knippers, 1970). 	More 
detailed study of the properties of polymerase II has shown an 
absolute requirement for a primer with a free 3 1 -hydroxyl group 
and that synthesis occurs in the 51-to-3' direction only (Gefter, 
Molineux, Kornberg, and Khorana, pers. comm.). 
DNA polyrnerase II is stimulated up to ten fold by the DNA-
binding protein isolated from E. coli (Segal and Alberts, pers. 
comm., Kornberg and Gefter, pers. comm.). 
It is probable that polymerase II is responsible for rep-
licative DNA synthesis in vivo, however the properties of the 
pure enzyme do not clarify the mechanism of DNA replication. 
Investigation of the other components of the replicating complex 
such as those responsible for the ATP and K+  dependence observed 
in toluene-treated cells may lead to a better understanding of 
13. 
replicative DNA synthesis. 
A third enzyme capable of DNA synthesis has been purified 
from pol At cells. 	This enzyme (DNA polymerase III) is distinct 
from polymerase II (Kornberg and Gefter, 1971). 	The properties 
of polymerase III have not been studied in detail. 
C. Genetic Approach to the Mechanism of DNA Replication 
One approach to the problem of DNA replication is to 
isolate mutants defective in DNA replication in vivo and attempt 
to identify the defect by in vitro studies. 	Two classes of 
mutants in which DNA replication is affected are known: condit-
ional lethal mutants and mutants with an altered fidelity of DNA 
synthesis. 
1) Conditional lethal mutants 
Temperature-sensitive, salt-dependent and streptomycin-
dependent mutants, unable to synthesise DNA under restrictive 
conditions, have been isolated in bacteria. These mutants may 
have a defect in the mechanism of initiation of rounds of replic-
ation, in precursor synthesis or in a process required for prog-
ression of the replicating fork. 
Mutants with a defect in initiation are recognised by their 
ability to complete rounds of replication in progress at the 
time of transfer to restrictive conditions. Mutants with a 
defect in precursor synthesis or replication per se may show little 
or no residual synthesis on transfer to restrictive conditions 
but if inactivation of the defective component is slow residual 
synthesis is observed. 
ii) Mutator mutants 
Mutants with an altered fidelity in DNA synthesis can be 
140 
recognised by an Increased or decreased rate of spontaneous 
mutation. Mutants with an increased spontaneous cutation rate 
(iiutator mutants). have been found in a number of organsims. 
Several mechanisms for mutator activity have been proposed: 
A defect in the repair of normally occuring DNA damage 
(Hanawalt and Haynes, 1965). The E t. call excision and repair 
mechanism has been shown to repair both lethal and mutative damage 
induced by UV (Hill, 1965; Vitkin, 1966)6 	Nutators of this 
typo ou1d also exhibit an incroaced sensitivity to iA dagee 
The insufficiency of a base or the production of an abnormal 
base analogue, Insufficiency of a base could be mutagenic in 
the manner that thymine starvation is mutagenic (Coughlin and 
Adelborg, 1956; Yelnborg and Lathazn, 1956), and an abnorual base 
analogue chich was incorporated into DNA could lead to errors in 
subsequent rounds of replication. An abnormal base analogue has 
been reported to be present in a mutator strain of Somonel1a 
typhimurium in which the mutotor gene is linked to the purine 
locus (Kirchner and Pudden, 1966). 	c) A defect in the mechanism 
responsible for base selection pr error recognition during replic-
ative DNA synthesis. The base-paired structure of DNA and the 
semi-conservative mode of replication suggest that the selection 
of bases is determined by the storeochemttry of base pairing; 
hoever mutations in T4 DNA polyncrase alter the rate of spontan-
eous mutation, implying that the polymerase functions in base 
selection (Speyer, 1965; Speyer et, ale, 1966; Drake and Allen, 
1968)4 Nutations in gene 32 and in a number of other genes 
involved in phage PL DNA replication also influence spontaneous 
mutation rates (Bornstein, 1971; Drake # pore. comm.). 
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iii) Genetic analysis of phage T4 
The genetic analysis of phage T4 using conditional lethal 
(amber and te) mutants has led to the construction of a genetic 
- map for this phage, containing approximately 70 genes of which 20 
are believed to function in DNA synthesis (Epstein et. al., 1963; 
Edgar et, al., 1964; Edgar and Lielausis, 1964). 	The proteins 
coded for by eight of the DNA genes have been identified in 
in vitro studies. 	Five of the gene products identified are 
concerned with the production of deoxyhydroxymethyl-cytosine-
5 1 -triphosphate; gene 1, deoxynucleotide kinase (Duckworth and 
Bessman, 1967); gene 42, deoxycytidylate hydroxymethylase 
(Dirksen et. al., 1963; Wiberg and Buchanan, 1964); genes 46 
and 47 0 host specific DN'ase (Wiberg, 1966) and gene 56, dCTP'ase 
(Wiberg, 1967).. 	Gene 30 codes for the phage polynucleotide 
ligase (Fareed and Richardson, 1967), gene  43 codes for T1 DNA 
polymerase (de Waard et. al., 1965; Warner and Barnes, 1966) 
and gene 32 is the structural gene for a protein which binds 
co-operatively to single-stranded DNA (Alberta et. al., 1968; 
Alberts and Frey, 1970). 
In the context of understanding the mechanism of DNA replic-
ation, the properties of gene 43 and gene 32 are most interesting. 
T4-specific DNA polymerase has been purified. The pure enzyme 
requires a partially single-stranded template with a free 3'—
hydroxyl priming terminus. The DNA synthesised is covalently 
linked to the 3 1 -OH of the primer (Goulian et. al., 1968). 	The 
properties of the T4-induced polymerase produced by five temp-
erature-sensitive mutants of T4 with a lesion in gene 43 were 
examined by de Waard et. al., (1965). 	Two of the mutants produced 
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active DNA polymerase at permissive temperatures only, although 
this polyrnerase had the same heat stability as wild type enzyme. 
One mutant produced equivalent levels of polymerase at permissive 
and non-permissive temperatures, but the enzyme exhibited greater 
heat lability than wild type enzyme. The properties of the 
polymerase produced by the remaining two mutants did not differ 
significantly from wild type. These results show that gene 43 
codes for Tk DNA polymerase; they also show that temperature-
sensitivity observed in vivo is not necessarily detectable in .  
vitro. 
A number of ts mutants of gene 13 have been found to exhibit 
mutator or antimutator activity at permissive temperatures. 
(Speyer, 1965; Speyer et. al., 1966; Drake and Allen 1968). 
The mutator and antimutator activities have been shown to be assoc-
iated with the te lesion (Speyer et. al., 1966; Drake et. al., 
1969). Purified T4 DNA polymoraee from a mutator mutant has 
been shown to incorporate thymine in place of guanine during the 
replication of poly dC approximatOly four times more frequently 
than wild type enzyme (Hall and Lehman, 1968), 
Tk DNA polymerase has not been proven to be responsible for 
phage DNA replication. Speyer and Rosenberg (1968) have argued 
that the rate of mutation observed in one gene 43 mutator mutant 
cannot be accounted for by mutations arising during recombination 
and repair, and Infer that Tk DNA polyrnerase functions in replic-
ation. 
Whether TLf DNA polymerase is responsible for repilcative DNA 
synthesis or not, the mutagenicity of defective T'+ polymerases 
demonstrates that this enzyme functions in base selection. 
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The properties of the gene 32 product and its possible role 
in DNA replication have been discussed (see p. 5). 	A number of 
Tk ts mutants with a lesion in gene 32 have been shown to exhibit 
riiutator activity (Bernstein, 1971; Drake, pers comm.). 
Genetic analysis of B. subtilis 
Temperature sensitive mutants of B. subtilis defective in 
DNA synthesis have been isolated. The mutations are distributed 
in 9 genetic linkage groups (Gross et. al., 1968; Karamata and 
Gross, 1970). Mutants in two groups were initiation defective, 
Mutants in group A are unable to reduce ribonuc].eotides at rest-
rictive temperatures, presumably because they have a defective 
ribonucleotidereductase, (Bazill and Karamata, pers. comm.). 
One mutant, designated mut-1, with an increased rate of spont-
aneous mutation at permissive temperatures was isolated by 
selection for mutator activity. The mutator activity and temp-
erature sensitivity have been shown to rsu1t from the same 
mutation, and it Is suggested that the function affected is directly 
involved In DNA replication (Gross et. al., 1968). 
Genetic analysis of E. coli 
Temperature sensitive mutants of E. coil defective in-DNA 
synthesis have been isolated and characterised by a number of 
groups of workers (Bonhoeffer, 1966; Fangman and NovicI 1968; 
Ilirota et. al., 1968; Kohiyama et. al., 1966; Inouyç 1969; 
Vechsler and Gross, persi comm.; Carl, 1970; for review see 
Gross, 1971). 
The mutations are located in seven distinct genetic linkage 
groups (Groups A-G) (Fig. 2) (Hirota et. al., 1968; Picard and 
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Figure 2. Map locations of dna and mutator mutations 
on the E.colj chromosome. 
The locations of the dna mutants are after 
Wechsler and Gross ( in preparation). The locations 
of the mutator mutants are summarised by 
Liberfarb and Bryson (1970). 
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Gross, pers. comm.; Marinus and Adelberg, 1970). 	The number 
of genes in each linkage group has not been determined. 
Mutants in groups A and C appear to be defectives in init-
iation. Mutants in the groups B, D, E, F and G are presumed to 
be defective in precursor synthesis or replication per se, however, 
the function of the genes concerned remains unknown although the 
properties of these mutants have been studied in vivo and in vit 
As mentioned previously in vitro temperature sensitivity of te 
DNA mutants has been demonstrated in the toluene-treated cell 
system. 
A number of dnaB mutants were found to be defective in DNA 
synthesis when assayed at high temperature (Moses and Richardson, 
1970a; Kobiyama and Kolber, 1970 and Mordoh et. al., 1970) and 
one initiation-defective mutant, dna-46±&, was unable to synthesise 
DNA at high temperature when incubated at. the restrictive temp-
erature to allow completion of rounds, prior to toluenisation. 
(Mordoh et. al., 1970 ). 	It appears that mutants behave in this 
system as they do in vi, and no information about the nature 
of the defective component is obtained. 
Moses and Richardson (1970c) have purified DNA polymerase II 
from two B group mutants (4na-1+3B and dna-266B) 	The pure enzymes 
had the same heat stability as wild-type enzymeo Mutants in 
other groups have not been tested for a defect in polymerase II, 
•lutator mutants of Ei coli have also been isolated by a number 
of groups of workers (Treffers et. al., 1954; Goldstein and Smoot, 
1955; Siegel and Bryson 1963; Nohn and Kaplan 1967; JySSUiD, 
1960; Hill 1968; Liberfarb and Bryson, 1970)4 The lesions 
conferring rnutator activity map at three genetic loci (fig. 2) 
(Cox and Yanofsky, 1969; Zamerihof, 1966; Mohn, 1968; Helling, 
1968; Siegel and l3ryson, 1967; Hill, 1970; Liberfarb and 
Bryson, 1970 )4 ComplementatiOn analysis has not been performed 
and the number of genes' involved is not known. 	The properties 
of one mutant have been studied in detail. 	This mutant s -isolated 
by Trefferá èt. al ., (19i+), and designated mut Ti, has been 
shown to induce AT-to-GC transversions preferentially (Yanofsky 
et. al,, 1966a). 	The mut Ti mutation is closely linked to the 
azi locus. Nut Ti is recessive in merodiploids but acts in trans 
on F'-factors and a' number of phage (Cox and Yanofeky, 1969). 
Nut Ti induced mutations do not occur in the absence of DNA synth-
esis (Cox, 1970)9 and it was suggested that the mutator activity 
is due to a faulty error-r'ecognitiofl system associated with DNA 
rep1icaton. 
The purpose' of the work to be described in this thesis was 
to attempt to clarity the mechanism 'of replicativê DNA synthesis 
in E. coli. 	The first approach waè to attempt to isolate mutants 
with a defect in the' DNA polyrneràse responsible for replicative 
DNA synthesis. flutator mutants 'and dna mutants may be defective An 
the polymerase; however miitaxts defective in "a number of other 
processes also exhibit these phenotypes. 	In' order to increase 
the probability that a mutant had an' altered polymerase it was 
assumed that such a mutant could exhibit both temperature sensit-
ivity for DNA synthesis'afld"IflUtatOr activity, as has been shown 
for T4 DLA polymerase (see section C iii). 	Mutants of this type 
were sought aiOrCSt mutator and amongst temperature-sensitive 
mutants. 
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The second approach was to study DNA synthesis in vitro. 
It was hoped to test purified preparations of DNA polymerase II 
and DNA polymerase III from temperature-sensitive mutator mutants 
for defective DNA synthesis. 	A crude in vitro DNA synthesising 
system was developed. However attempts to purify the DNA synth- 
etic activity from the crude system proved unsuccessful. 	The 
DNA synthesis observed in the crude system was found to be comp- 
letely dependent on ATP. 	In this way the system differs from the 
crude lysate systems studied by other workers (see section B ii). 
Since the DNA synthesis observed in toluene-treated cells, which 
appears to correspond to replicative DNA aynthesie s is completely 
ATP-dependent (see section B i), and purified DNA polymorases II 
and III are not ATP-dependent (Moses and Richardson, 1970; Korn-
berg and Gefter, 1971), it seemed possible that the study of the 
role of ATP in in vitro DNA synthesis might lead to the identific-
ation of another component of the replicating complex. The 
nature of the ATP-dependence observed was therefore further invest- 
igated. 
Since it seemed probable that the polymerase responsible for 
replicative DNA synthesis contributes to the DNA synthesis 
observed in crude lysates and that at least one other component 
of the replicating complex may be involved, preliminary tests for 
temperature-Sensitive DNA synthesis in this system were performed 
on Pol derivatives of a dna mutant which exhibited mutator 
activity and two dna mutants belonging to other dna groups. 
.L. 
MATERIALS AND METHODS 
Strains 
The bacterial strains used are listed in Table 1. 
Media 
The concentration of amino acid supplements refers to a final 
concentration of the L-isomer. 
Minimal buffer: 0.3% KH2POL,, 0.7% NaZHPOk, 0.4% NaC1 9 0.02% 
MgSO. 7H20. 
M9 Minimal medium: 0.7% Na2HPOk, 0.3% KH2POk. 0.05% MaCi, 0.1% 
NHkC1, 0.025% MgSO 9 , 
0.2% carbon source (D-glucose unless other-
wise indicated) supplemented with 5ug/mi vitamin B1 and 20 ug/rni 
thytnine and amino acids when required. 
Enriched N9 minimal medium: M9 minimal medium supplemented with 
0.5% Difco casaminO acids, and with 20ug/rnl tryptophane, and 20 
ug/mi thymine when required. 
Synthetic enriched minimal medium: M9 minimal medium supplemented 
with 0.05% tryptone, 0.05% NaCl, 20 ug/mi alanine, arginine, as-
partic acid, cysteine, glutamic acid, glycine, histidlne, isoleu-
cine, leucine, lysine, methionine, phenylalanifle, praline, serine, 
threonine, and tryptophane, and 10 ug/mi thymine. 
Minimal agar: 149 minimal medium solidified with 1.51% Davis N.Z. 
agar. 
TABLE 1: Bacterial strains 
Strain Relevant characteristics 
V 	
Derivation Source 
CA7026 HfrII: gal epPL2 , str 8 K. Ippen 
RH14 Hfrll: gal CP;L2 1 trpA23, see text 
RH15 HfrH: gal 	PL2' trpA21, j, str see text 
R}116 Hfrll: al C)L2 	trpA23, f, 2tr8, gal  spontaneous gal s of RHI4 
W3110: trpv(AE8), T1 
V -B.Brammar 
W3110: trpA23, his, 
V C.Yanofsky 
W3110: trpA21 
- via B.Brammar 
CR34 F: 	thr, 	leu, B 1 , X8, If see Wechsler and Gross, 
JW100 C1134: dna-I01F ( in preparation) V 
JW101 CR34: dna-107B '- V 
JWI02 CR34: dna-125B It 	
V 
J'104 CR34: -173B II 	 V V 
JW105 CR34: dna-177A V V 
JWI07 CR34: dna-279B 
V 






CR34: dna-386B V 







Urfil: B1,f,strR, dna-70B 
CR34: clna-308G 
CR34: dna-399G 
W1485: !!:x 	leu, str 	 dna-IC 
W1485: u 	i 	tR 	dna-2C 
W1 11-85: th 	i 	tR 	d5A 
111485: f, ieu, 	tR 	d7D 
MX 74: F, 	lac, !!:z' 	dna-2713 
K12SH-28: F, 	dna-2213 
F: B 1 , polAl, endol 
W3110: metE, recfl21 , pol-l*' 
1i3110: metE, recB4 ., pol_4* 
CR34: dna-486E, pol-4 
CR34: 	14 
W3110: thy, rha, polAl, 	dna-70B 
W3110: thy, rha, malB, polAl, strR 
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F. I3onhoeffer 
see Fangman and Novick (1968) 
	
ft 
J • Brockes 
see Bazill et.al . (1971) 
LI 
JWii x JG80 (HfrR: metE, pOl_4* 9  
rif ), selecting for rif 
dna transductant of JG212 
JG114 x PJG28)selecting 	+ 
JG32 x JG8O as for JG212 
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L- broth: 1% Difco tryptone, 0.576 yeast extract, 15% NaC1 9 pH 
adjusted to 6.8 supplemented with 20 ug/mi thymine when required. 
L-agar: L-broth solidified with 1.5% Difco agar. 
Nutrient Broth: 2.5% Oxoid No. 2 nutrient broth, supplemented 
with 20 ug/mi thyznine when required. 
Nutrient agar: Nutrient broth solidified with 1.5% Difco agar. 
LC-agar: 1% Difco tryptone, 0.5% yeast extract, 0.5% NaCl solid-
ified with 1% agar (bottom layer) or 0.7% agar (top layer). 
Difco stab agar: 1% Oxoid tryptone, 0.7% NaCl, 0.3% glucose, 
1% Difco Bactogar. 
Chemicals and Enzymes 
( 3H-methyl)-thymine (14-20 C/mN), 1 -14C -leucine (62 C/mM), 
and ( 3H-methyl)-thymidine (54 C/mN) were obtained from the Radio-
chemical Centre, Amersham. The following cbkn4cals were used; 
N-methyl-N' - nitro-N-nitrOsOguaflidifle (Aldrich Chemical Co.), 
trimethoprin (Burroughs Welcome), ind1e (BDH Ltd.), 5-methyl 
tryptophane (Koch Light), DL norleucine (Nutritional Biochemicals 
Corporation), 3-flurouracil (Roche Products Ltd.), 6-azauracil 
(Sigma), rifampicin (Gruppo Lepittit), naladixic acid (Calbiochem), 
methyirnethane suiphonate (Eastman Organic Chemicals). 	Lysozyme, 
calf thymus DNA, soluble RNA, were obtained from Sigma Chemical 
Co., and deoxynucleotide triphosphates and ATP from Calbiochem. 
Other materials 
Millipore filters: type HAXJP, pore size 0.45u, 25mm. diameter 
(Millipore Filter Corp.) 
Dialysis tubing: Visiting tubing cut into appropriate lengths 
was tQiled in 1% Na2CO3 for 15 minutes, rinsed with distilled 
water, Filled with 0.01M EDTA and dialysed overnight against 
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distilled water, Washed tubing was stored in 10N EDTA at 40 . 
DEAE cellulose: DE 11 (Whatman) was washed and equilibrated with 
buffer as recommended by the makers. 
E. Coli DNA: Prepared according to the method of Kelly and Prit-
chard (1965). 
E. Genera]. methods 
1) Growth and maintainence of bacterial strains 
Strains in use were maintained on Oxoid nutrient agar or 
L-agar plates at I. Stationary phase liquid cultures were 
prepared by innoculating 5-10 ml of medium with a single colony 
and incubating overnight. Log phase cultures were prepared by 
diluting a stationary phase culture 1/50 or 1/100 into fresh 
medium and incubating with aeration. Growth of cultures was 
followed using a Klett-Summerson Photoelectric Colorimeter (Arthur 
Thomas Co.). 	A Klett reading of 100 corresponds to a cell density 
of 5 x 10 8/ml for broth cultures. All strains were maintained on 
Difco agar stabs at k° . 
Viable count 
The number of colony-forming units in a culture was determined 
by spreading 0.lml samples of an appropriate dilution on nutrient 
agar plates and incubating overnight. 
Radioactive counting 
All radioactive samples were counted in a Packard Tricarb 
liquid scintillation spectrometer. Organic scintillant contained 
0.3% 2, 5-diphenyloxazole and 0.031,6) 1, 3-bis-2-(L-methy1-5-phenylo-
xazole)-benzene in toluene. 	Samples containing one radioactive 
isOtope were counted under conditions giving maximum efficiency. 
of counting. 	For sacples containing two isotopes (C and 3H) 
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conditions for counting were determined using pure samples of the 
14 two isotopes. The isotope of higher energy (c) was counted 
under conditions where less than 0.1% of the low energy isotope 
counts were detected. For the isotope of lower energy the per-
centage of the high energy isotope counts detected under the cond-
itions used was determined and the appropriate correction made. 
iv) Preparation of radioactive samples for counting 
0 .05m1 samples were pipetted onto 2.5 cm Vlhatman 3MN filter 
discs. The discs were dropped into ice-cold 5% TCA containing 
1% Na2PkO?.7H2O.  At the completion of an experiment the filters 
were washed 3 times for 10 minutes in fresh TCA then washed with 
distilled water, absolute alcohol and dried at 600 . 
Growth of Galactose epimerase strains 
Gal ep strains grow poorly in nutrient medium. These strains 
were grown in nutrient medium supplemented with 0.02% glucose, 
and 2 ug/mi tryptophane when required, dilutions were made into 
the same medium as used for growth. Gal ep strains are sensit-
ive to galactose (H. Nikaido, 1961), gal   revertants were selected 
by plating on minimal medium with 0.2% galactose and 0.2% glycerol 
as carbon source. 
Preparation of P l y transducing lyapte. 
An overnight L-broth culture containing approximately 109 
cells/ml was diluted with an equal volume of 14C (0.114MgC12 , 
0.00514 CaC12) and incubated with 106  P 1  v phage/ml at 
370  for 20 
miii, and plated in LC-soft agar on LC-hard agar plates supplemented 
with 0.1% glucose and 0.0025 N CaC1 2. Phage were harvested after 
0 8 hours incubation at 37, 
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P. transduction 
2 x 108 cells in L-broth containing 060025M CaC1 2 were incub-
atod with 10 P1 phage at 370  for 20 mm. The cells were spun 
dorn, resuspended in 0.1M sodium citrate pH 7 and plated on 
R selective medium; for selection of T 1 cells were spun and resus-
pended in nutrient broth, grown overnight and plated on nutrient 
agar with a ioopful of Ti phage. 
Isolation of thymine mutants 
An overnight culture was diluted 1/50 into minimal medium 
containing 50 ug/mi thymine and 10 ug/ml triuiethoprin and grown 
to stationary phase. This culture was diluted 1/50 into minimal 
medium containing 10 ug/mi thymine and 10 ug/mi trimethoprin, 
grown to stationary phase and plated for single colonies on nut-
rient agar supplemented with 10 ug/mi thymino. 	f mutants 
were selected by replica plating to nutrient agar. Low level 
thymine requirers were selected by testing for growth on minimal 
agar supplemented with 2 ug/mi thymine. 
Mutaensis 
N-methyl-N'-.nitro--nitro8oguaflidine (NTG) was dissolved in 
water, at a concentration of 500 ug/mi, less than 30 mm. prior 
to use. Mutagensis was performed by incubating a log-phase 
culture (2-5 x 108  colic/ml) with 20 ug/ml NTG at 30 ° for 15 mm, 
with aeration. The mutagenised culture was filtered through 
Millipore and resuspended in nutrient medium. This treatment 
gave a survival of 10-20%. To determine the number of auxo-
tropha induced, the culture was diluted 1/10, grown overnight, 
and plated on nutrient agar. 	Auxotropha were detected by replica 
plating to minimal agar. Approximately 10% of the survivors were 
auxo trophs. 
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Selection of mutator mutants 
104 - 106 cells of a mutagenisod culture of PH14 (gal ep, 
trypA23,f)or RH15 (gal ep trypA21) were plated on nutrient 
agar and incubated ovornight. The resulting lawns were replic-
ated to minimal plates with galactose and glycerol as carbon 
source. The gala colonies which arose after 3 days incubation 
were replicated to three different selective plates with galactose 
and glycerol as carbon source. Plates of the following comp-
osition were used: enriched minimal containing 100 ug/ini 6-azau-
racil, enriched minimal containing 50 ug/mi naladixic acid, minimal 
containing 50 ug/mi norleucine, minimal containing 25 ug/ml L-val-
me, and minimal with the ttryptophane supplement reduced to 0.2 
ug/mi. Colonies giving rise to growth on all plates were selected 
from the master plate or from the azauracil or norleucine selective 
plate and further tested. 
Tests for mutator activity 
Four single colonies of a mutant were streaked on minimal 
medium, and replicated to selective minimal plates. Selection 
for resistance to the following drugs, naladixic acid (50 ug/mi), 
L-valine (25 ug/mI), 5-flurouracil (5 ug/mi) and reversion of tryp 
were used. Non-mutator strains give rise to 0-5 resistant col-
onies per streak in this test. Mutants which give rise to tryp ' 
val, and S_FUR at high frequency were scored as mutator. 
The tsDNA mutants were screened for mutator activity using resis- 
tance to 6-Azauracil (100 ug/ml), rifampicin (100 ug/rnl) and valine 
(25 ug/mi). 
Determination of mutation 	veLS 
1 ml of nutrient medium was innoculated with approximately 
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1,000 cells of a thick log culture, and grown overnight with 
aeration 	Resistance to valine, and naladixic acid 6-azauracil 
and rifamicin was determined by plating appropriate dilutions on 
minimal plates containing 25 ug/ml valine, nutrient plates cont-
aining 50 ug/ml naladixic acid enriched minimal plates containing 
100 ug/mi 6-azauracil and nutrient plates containing 100 ug/m]. 
rifapicin, Viable counts were determined by plating appropriate 
dilutions on nutrient agar. Reversion of tryp to prototrophy 
was determined by plating approximately 10 cells on minimal plates 
supplemented with 0.2, 0.5, and 1 ug/mi tryptophane. Plates 
were incubated for 2-3 days. 
N. Indolelycero1 accumulation in tryp A+  revertants 
A number of tryp
+ 
 revertants were picked and pruified. 
Single colonies were innoculated into 1 ml nutrient medium and 
grown overnight. A drop of the overnight culture was diluted 
into 2 ml minimal medium supplemented with k ug/mI tryptophano 
and grown overnight. 0.75 ml Fe613 reagent (Yanofeky, 1956) 
was added to 0.5 ml minimal culture. Within a few minutes after 
mixing a red-purple colour develops with indoleglycerol. 
0. Isolation of temperature-sensitive mutants after 3H-thymino 
suicide 
A log phase culture of P1114 (Kalep, tryp A23, .f) in 
enriched minimal medium containing 5 ug/mi thymine was iautag-
enised with NTG at 30, diluted 1/100 into the same medium and 
grown overnight at room &emperature without aeration. This cul-
ture was diluted 1120 into the same medium and grown at 30 to 
a. cell density of 10 8/ml, and tranefered to k].°. 	After 5 mm. 
incubation at 410 an equal volume of high specific activity 
28. 
3H-thymine in supplemented minimal medium was added. After a 
further 30 mm. incubation at 11 cold thymine was added for 2 
mm. and the culture cooled to L1 ° , filtered through Millipore, 
washed with minimal medium containing 200 ug/mi thymine and resus-
pended in supplemented minimal medium containing 20 ug/ml thymine 
and 7% dimethylsuiphoxide. 0.2 ml samples were distributed in 
small tubes and frozen at _600. Viable count was determined 
during storage at -60° . After 36 days (viable count 13% original 
value) and 1+2 days (viable count 0.6%) a number of tubes were 
thawed diluted, plated on nutrient agar and incubated at 300 . 
Temperature-sensitive colonies were identified by replica plating 
to nutrient agar and incubating at 1+10. Temperature-sensitive 
colonies were tested for mutator activity. 
P. Identification of temperature-sensitive DNA mutants by 
double labelling 
An overnight culture in synthetic enriched minimal medium 
was diluted 1/50 into 2 ml of the same medium containing 311-thy-
nine and 11+C-leucine at a specific activity of 0.03 inC/mi and 
1 uC/mi, and grown at 30 g . When the cell density had reached 
108 /ml, 1 ml was transferred to 1+2 0 and incubated for 90 minutes. 
0.05 ml samples were taken at 15 minute intervals during growth 
at 300  and 420  and prepared for counting as described in section 
E. 	Growth was followed using a parallel culture in cold medium. 
A wild type strain (RH 11+ gal ) and a known DNA mutant (JG 28) 
were included as controls. 
Q Preparation of extracts for assay of DNA polymerase atL3 
i) Cells grown in L-broth were harvested in log phase. 	1 gin of 
cells was washed twice with 20 ml of ice-cold 0.025M tris HC1 pH 
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7.6, and once with 20 ml of Ice-cold 0.025 N tris MC1, 0.005 N 
!?GTA pH 7.6, and resuspended In 10 ml of 0.025 1. 1. tric HM 0.005 M 
0. 
EGTA pH 7.6 containing 500 ug/ml lysozyme at 4. This suspens-
ion was frozen rapidly and thawed at 300  one to three tliiws. Then 
lysis was complete, as determined by microscopic examination, 
I4gCl2 was added to a final concentration of 0.005 . 	The lycate 
was sheared for 1 minute at full speed in a raring blender and 
spun at 30,000 g for 30 mm. 	The supornatant fraction was stored 
frozen at _600, and used for assays. 
P. Troatment of cells with toluene 
0.01 ml of toluene was added to 10 10  cells In 1 ml tris 
0.025 N pH 7.6 and the suspension agitated (vortex mixer) for two 
minutes at room temperature, then left on ice for 20 rninutes. 
Toluene was removed by blowing air over the surface of the susp-
ension. 0.2 ml samples were used in the assay for DNA synthesis. 
Assay of DNA polymerase activity 
0.2 ml samples in a final volume of 0.25 ml were used in the 
assay for DNA synthesis. 	The composition Of the reaction mixture 
(final concentrations) was; dATP, dGTP, dCTP, 2.5 x 10 M; 
3H-TTP, 10 51f,; ATP, when present, k x 10 3 :; rlgC129 0.006 ; 
KC1, 0.1 N; tris. HC1 pH 7.6 9 0.025 N; mercaptoethanol 0.005 N. 
The specific activity of 3H-TTP was 125 C/I1. 	Sodium p-hydroxy- 
mercuribenzoate, when added, was 1.5 x 10- 41-!, and mercaptoethanol 
was omitted. 	DA when added was at kO ug/mi. 	Incubation was 
at 280 . 	At intervals 0.05 ml samples were taken and precipitated 
and preparcd for counting as described in section E. 
PrearatIon of primer DNA 
I) Calf thymus )NA (1 mg/ml) in 0.025M tris HC1 pH 7.6 was sonic- 
30. 
ated for 1 minute using an NSE Ultrasonic Disintegrator. 
ii) Equal volumes of sonicated and unsheared E. coli DNA (1 mg/ml) 
in 0.1M NaCl were heated together at 90 for 5 minutes and 




The results are presented in five parts. 	Parts I and II 
are concerned '.7ith attempts to isolate mutants of . coil with a 
single mutation resulting in ten'erature-sonsitive )LA synthesis 
and an increased frequency of spontaneous mutation. 	Since it is 
possible that mutants of this type occur only rarely and are not 
represented amongst the dna iiutants isolated to date, a selection 
proceedure for the isolation of mutator mutants similar to that 
used by Gross et. al. (1968) to isolate mutator utants of 
B. subtilis was devised for E. coli. 	This proceedure facilitates 
the screening of a large number of cells for mutator activity. 
Part I describes the selection nroceedure for the isolation of 
mutator mutants and the properties of a number of mutants isolated 
by this proceeduro. 	Part II describes the isolation of temperature 
sensitive iautator mutants by isolating mutator mutants and screening 
them for tem',erture sensitivity as well as by isolating temperature- 
sensitive :utants and sc±eening them for mutator activity. 	The 
properties of the mutants Isolated are described. 	This part also 
contains the results of tests for mutator activity performed on 
the dna mutants previously Isolated by other workers. 
Parts III, IV and V are concerned with the study of DMA 
synthesis in vitro. 	Part !11 contains the results of an analysis 
of the properties of DA synthetic activity in ly.sates of 
E. coli cells, and describes an attempt to purify the activity. 
Part IV contains the results offurther invetigations into 
the nature of the ATP-dependence of the DA synthetic activity 
observed in lysates. 	Tart V contains the results of tests for 
3 ,. 
tomperature-sensitive DNA synthesis in lysates of kaf derivatives 
of a number of temperature-sensitive dna mutants, including one 
mutant which exhibits mutator activity and may be defective in 
the polyinerase responsible for DNA re1icatiOn. 
33. 
PART I: Isolation and Characterisation of Mutator Mutants 
Introduction 
A clone of a mutator mutant has a high probability of cont-
aining a number of different types of mutant cells. 	Nutator 
mutants can therefore be detected by screening colonies arising 
from single mutagenised cells for the presence of different mutant 
types. 	To facilitate the screening of a large number of mutagen- 
ised cells for mutator activity Gross et. al. (1968) working with 
B. subtilis selected for mutator mutants in two stops: 10 5 mutag-
enised cells were plated on nutrient agar and grown to form a con-
fluent lawn; 8-azaguanine resistant coils present in the lawn 
were selected by replica plating onto plates containing 8-azagua-
nine and the resulting single colonies were then screened for the 
presence of mutant cells of a number of different typos. 	The 
principle of the selection proceedure is that each mutagenised cell 
gives rise to a small clone within the lawn and cells resistant 
to 8-azaguanine arise spontaneously at high frequency to that there 
is a high probability that a small clone arising from a mutator 
mutant will contain 8-azaguanine resistant cells. 	The 8-azagua- 
nine resistant colonies arising from a mutator mutant can be 
detected by screening fOr the presence of mutant cells within the 
clone. 
For the present work a similar selection proceedure was 
devised for E. coli, Mutator mutants of E. coil have been shown 
to preferentially induce a limited number of specific mutational 
events (Yanofaky et. al., 1966; Siegel and Bryson, 1967). 	In 
order not to select against mutators with any particular specificity 
3. 
it is necessary to select for an altered phenotype which can arise 
from any one of a number of different mutational events. 
A. Isolation of Mutator Mutants 
The strain RHlk (Hfr H gal ep 12 trp A23 thy str8 ) was 
constructed and used as the parent for the isolation of mutator 
mutants. Strains lacking functional galactose--epimerase are 
sensitive togalactose; any mutation leading to a loss of funct-
ional galactokinase gives rise to galactose resistant derivatives 
(Nickaido, 1961).. Galactose resistant cells arise spontaneously 
at a high frequency.. Selection for galactose resistance is 
therefore suitable for the first step of the isolation proceedure. 
The trp A23 mutation is revertible by a number of transitional and 
traneversional base substitutions (Yanofaky et. al., 1966b), hence 
selection for t 	revertants is suitable for use in the second 
stop of the isolation proceedure. 	Reversion of trp A23 was also 
used to study the specificity of the mutators isolated. 	The 
thymine requirement was introduced to enable testing of any temp-
erature-sensitive mutators isolated for a defë ct in DNA synthesis. 
The mutations were introduced into an Hfr strain, to facilitate 
mapping of mutator mutants since it is not possible to select for 
the mutator phenotype directly. 
1) Construction of the parent strain 
A2'V(AB) deletion was introduced into CA7026 (gal OP PL2 
etr8) by transduction with P1kc (W3110 trD V AE8) (obtained from 
W. Brammar) selecting for A T 1  .  transductant which 
was unable to grow on indole was selected (P1112). 	PH 12 was 
transduced with P 1 (13110 hie £xf trp A23) selecting for growth 
on indole (RH13). A low thymine requiring mutant of RH13 was 
35. 
isolated by trimethoprin selection (PH14) (Stacey and Simons, 
1965). 
it) Isolation of mutants 
Mutator mutants were isolated as described in Methods section 
K. 	io' - 10  NTG inutagenised cells of RH 14 were plated on 
nutrient agar and grown to form a confluent lawn. Each cell 
plated gives rise to a small clone within the lawn. 	The galact- 
ose resistant cells present in the lawn result from galactose 
resistant cells induced during mutagensis and from spontaneous or 
mutator induced mutational events which occur during growth of the 
lawn. 	Clones arising from mutator mutants have a high probability 
of containing galactose resistant cells and should be selected in 
the first step. 	The galactose resistant colonies selected were 
screened for the presence of valine resistant, 6-azauracil resist- 
ant, norleucino resistant and trp t revertant cells. 	Colonies 
which gave rise to growth on all selective plates were purified 
and further tested for mutator activity. 
A number of mutator mutants of RH14 were isolated using this 
proceedure (Table 2). 
TABLE. 2 
Mutator mutants of PH14 (gal ePPL2, trp A23, 	str5 ) 
Strain Positive In mutator 
test selecting for 
Characteristics 
M 10 - M 12 nal P , val P  trp+ P, trp A23, gal 
s s 	P 	mut thy s 
30 - M 46 val. trp trp A23, flf, 
str S 
	6-AU, mut 
K 50 - K 58 val, trp 
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Mutants in the series MlO - M12 were picked from norleucine 
selective plates, 1-130 - M46 and 1450 - M58 were picked from 6-aza-
uracil plates as described in Methods section K. 
B. Properties of the Mutator Mutants Isolated 
The mutation frequency and the mutational specificity of a 
number of the mutants isolated was determined. 
Mutation frequency 
The frequency of mutation to valine resistance and to naiad-
ixic acid resistance was determined. A measure of the frequency 
of reversion of the trp A23 mutation was obtained by plating cells 
on minimal plates containing limiting amounts of tryptophane supp-
lement, The amount of growth which can occur and the number of 
+ trp revertants which arise are proportional to the concentration 
of the tryptophane supplement (Fig. 3). Mutation frequencies 
were compared to those of a spontaneous galactose resistant deriv- 
ative of the parent strain (PH16). 	The results are listed in 
Table 3. 	All the imitator mutants show a significant increase 
in mutation frequency for all three mutant types. 
Mutator specificity 
The nature of the base substitutions induced by a number of 
the mutator mutants was investigated by studying the reversion of 
the trp A23 mutation. 	The reversion of trp A23 has been studied 
in detail by Yanofaky et. al. (1966b). 	Three classes of 
revertants can be distinguished by measuring the degree of indole-
glycerol accumulation and of 5-methyltryptopharie sensitivity. 
The amino acid replacements which give rise to each revertant 
type are known and the base substitutions which have occured can 
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Try ptophane concentration (p/  ml) 
Figure 3. 	Reversion of the trypA23 mutation. 
Approximately lO cells of an overnight culture 
of M 56 were plated on minimal plates containing 
limiting concentration of the tryptophane suppli-
ment. 	Tryp+ revertants were scored after 3 days 
incubation at 37 
4 
Table 3. Mutation frequencies of derivatives of R14 
Nature of Mutation 
Nazic 
Acid Mutator/ Nutator/ 
Reversion 
Strain 





11016 7210 0  2 x a S.5 
MO 2z10" 300 6z1(Y' 6 300 80 IC) 
MI 5.5z10" 800 4z.10 0 130 15 
Ma 4i0" 600 2.5*1O 125 1,0 140 
jzio 400 150 32 4 
6zi0 850 910006 
 450 too 12 
2,000 1z1O' 5(X) 80 10 
1451 230' 350 150 115 13 
1452 150 2*lff' 6 100 125 15 
153 2.5i10" 350 2*10*6 100 100 12 
154 5*1017 700 60 7 
$55 4.5z10" 650 355106 175 95 11 





Frequencies are the average of three determinations 
Table ii. Properties of revertants of trpA23 (Yanofsy 	1966b). 
)itant 
- 	 a 




type Acid AccuMvlation sensitivity 
trpA23 Arginine AGA 
Full Revertant Glycine GGA A/T to G/ - Resistant 
Wild type 
Transition 
Full Revertant Serino AGC to 
Transersion - Resistant 
AGU A/? to 
Transyorsion 
Partial Isoleucin AUA G/c to  T/A Sensitive 
revertant 
Trczisversion 





+ revertants of the mutator mutants MLfO - M44 and M50 - 
M56 were selected, purified and tested for indoleglycerOl accum- 
ulation. Strains which accumulate indoleglycerol show a dark pink 
colour on mixing with FeC13 reagent; strains which accumulate 
small amounts of indoleglYcerOl show a pale pink colour. 	The 
results are listed in Table 5. PH16 gave rise to all three types 
of revertants. 	The spontaneous reversion pattern of this strain 
differs from that observed by Yanofeky et. al. (1966b) for the 
trp A23 mutation in a K-12 Ymel strain of E. coil, which gives 
rise to full revertants and strong indoleglycerol accumulators only. 
A number of the spontaneous trp revertants of RH16 were 
tested for sensitivity to 5_methyltrYptOPha2le using the qualitat-
ive test described by Allen and Yanofeky (1963). 	Partial rever- 
tants which are strong indoleglycerOl accumulators are sensitive 
to 5_methyitryptOPhafle, weak accumulators are only slightly more 
sensitive than the wild type. 	The full revertants showed a zone 
of inhibition of 2.8 - 3.0 cm, partial revertants which showed 
strong indoieglycerOl accumulation gave a zone of Inhibition of 
5.8 - 6.0 cm and weak accumulators 3.2 - 3.8 cm. 	
These results 
indicate that the revertants had been correctly classified on the 
basis of the test for accumulation of indoleglycerOl. 
The majority of the revertants isolated from mutator strains 
are mutator induced since the frequency of reversion is at least 
ten-fold - greater than the spontaneous reversion frequency in the 
non-mutator parent, except in the case of the mutants M43 and M54 
(see Table 3). 	The pattern of reversion differs from that of 
the parent strain in all cases. 
Thitator mutants MtfO and 451-N55 gave rise to full revertants 
TABLE 5 
Distribution of jLrp revertants of RH 16 and rnutator mutants 












RH16 50 15 13 22 
1.1140 30 29 0 1 
M 41 30 214 2 14 
M142 23 15 0 8 
M143 29 214 0 5 
M144 30 26 0 14 
M50 29 17 1 11 
M51 30 28 0 2 
1452 30 27 0 3 
1453 29 28 0 1 
M514 25 25 0 0 
M55 30 28 
0 	
0 2 
M56 27 19 1 7 
only, indicating that the preferred mutator-Induced base substit-
utions were one or more of the transitions and transvorsions A/T 
to G/C. AlT to C/G and AlT to T/A. 	The mutants M41-I4449 M50 and 
M56 gave rise to full revertants and a significant number of part-
ial revertants which were weak indoleglycerol accumulators, indic- 
ating that these mutators can also induce G/C to T/A transversions. 
These results indicate that the mutants tested exhibit spec-
ificity for the mutational events induced. 
C. Isolation of Mutator Mutants with an Increased Frequency of 
Induction of Fraxneehl ft Mutations 
The proceedure for isolation of mutator mutants was modified 
to enable the selection of mutatore which induce frarneshift 
mutations by constructing a strain with a frameshift mutation in 
the tryptophane A gene. 
The trp A21 mutation is a frameshift mutation which arose 
by deletion of one or two base pairs. 	This mutation is strongly 
reverted by ICR 191-A (3_chloro_7_methoxy_9(3- (chlOrOethY 1)- amifl0 
propyla!nino)-acridine dihydrochioride) which induces base additions 
and deletions but does not respond to other chemical mutagens 
(Berger et. al., 1968). 
The trp A21 mutation was introduced into RH12 by traneduct-
ion with P1v 03110  trp 1421) (obtained from V. Brammar), select-
ing for growth on indole (PH15). 
utator mutants of RR15 (gal ePL2  trp A21 strS) were 
isolated as described in Methods section K. 	Gal  colonies were 
screened for the presence of valine resistant, norleucine resis- 
tant and tr + revertant cells. 	Colonies giving rise to growth 
on all three selective plates were picked from the norleucine 
519. 
selective plate, purified and checked for an increased frequency 
of mutation to vaiR, 5-FU
R  and trp. Four mutants N 17 - M 20 
were isolated by this proceedure. 
The frequency of reversion of the trp A21 mutation was 
determined for each of the mutants and a spontaneous gal   deriv-
ative of the parent strain. 	The results are shovin in Table 6 
TABLE 6 
Relative reversion frequencies of the trp A21 mutation 
in derivatives of PH15 
Strain Number of 	revertants 
(0.2 ug trp/ml) 
Mutator/ 
Non-Nutator 
RH15 gal  i - 
M17 90 6 
N18 32 2 
M19 80 5 
N20 70 . 5 
Average of 2, independent determinations 
Themutants all exhibit a small increase in the frequency of 
induction of frameshift mutations. 	These mutants were not 
studied further. 
Lf 0. 
PART II: Search for Mutants with a Defect in the DNA Bolymerase 
Responsible for DNA Replication 
Introduction 
Having developed methods for the selection and identification 
of mutator mutants it was possible to attempt to isolated mutants 
exhibiting both temperature-sensitive DNA synthesis and mutator 
activity. 	To establish that such mutants are of the type sought 
it is necessary to show that both characteristics result from 
the same mutation. 	One way to demonstrate this is to show that 
the two characteristics revert together. 
A. Isolation of Temperature-Sensitive Mutator Mutants.. 
Temperature-sensitive mutator mutants were isolated in two 
ways: (1) by selecting for mutator mutants at low temperature and 
screening for temperature-sensitivity and (2) by isolating temp-
erature-sensitive mutants and screening for mutator activity. 
i) Isolation of mutator mutants at low temperature 
a) RH 11+ was mutagerilsed with NTG at 300  and galactose resis-
tant colonies selected as described in Methods section K. 	These 
colonies were replicated to two selective plates containing valine 
which were incubated at 30
0  and 410 . 	Colonies which gave rise 
to growth on valine at 300  but not at 41  were purified and 
tested for an increased frequency of reversion of trp A23 and 
mutation to valine resistance at 300  and kl° , and for growth at kl° . 
The properties of three mutator mutants isolated in this wy 
are listed in Table 7. 	One of the mutants, Mik was temperature- 
sensitive for growth. 	Mik was tested for a defect in DNA synth- 
esis at the restrictive temperature (see below). 
41. 
TABLE 7 
Properties of rnutator mutants :-:13, 414 and 1-116 
Strain reversion of * 
trip A23 
Mutation to 	* 
valine resistance 
Growth at 41 
300 41 300 41 
0 
i13 - - - + 
M 1 + - + - - 
M].6 + + + - + 
* + high, frequency of mutation J 
see Methods section L. 
- low frequency of mutation J 
b) RH 14 was mutagenised with NTG and inutator mutants were select- 
ed at 300 27 mutator mutants were isolated. 	These mutants 
were tested for growth at 410. 	One of the mutants 1TS2, was 
found to be temperature sensitive. 
ii) Isolation of temperature-sensitive mutants using 3H-thymine 
suicide enrichment 
It is possible to enrich for temperature-sensitive mutants 
defective in DNA synthesis by exposing a culture to high specific 
activity 311-thymine at 410  and storing the cells at -60 ° . 	On 
exposure to 3H-thymine at high temperature only those cells which 
are able to synthesise DA will incorporate the radioactive thymine. 
During storage of the cells at _600,  the decay of tritium results 
in lethal damage to cells which contain 3H-thymine, leading to 
preferential loss of these cells (Lubin, 1959). 
k?. 
£1 culture of RH lL  was mutagenised at 300, grown overnight 
to allow expression of the induced mutations, exposed to high 
specific activity 3H-thymine at 41 0. frozen and stored at -60° . 
The viability of this culture and of a control culture, which was 
not exposed to 3H-thymine was determined at various times during 
storageat -60° . 	The kinetics of loss in viability for the two 
cultures are shown in Figure L. 	During the first twelve days 
of storage the viability of both cultures decreased exponentially 
at similar rates. 	On continued storage the 311-thymine treated 
culture continued to die at the same rate whilst the viability 
of the control culture decreased at a significantly slower rate. 
The reason for the initial rapid loss in viability of the control 
culture is not known, but may result from a high sensitivity to 
damage during freezing and thawing due to the abnorml structure 
of the cell-wall observed in Eii—oz gal-oz 	 mutants (Fukasawa and Nick- 
aido, 1961). 
After 36 days (0.9056 survivial, 30 fold enrichment) and 42 days 
(O.%S survival, 50 fold enrichment) a batch of cells was thawed 
and plated on nutrient agar at 30 ° . 	The single colonies which 
arose were replicated to nutrient plates and incubated at Lfl° . 
Approximately ].% of the colonies were temperature sensitive. 
These mutants were screened for an increased frequency of mutat-
ion to valine resistance and tryptophane prototrophy as described 
in Methods section L. 
0 
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Figure if. 	Vability of RH if cells on storage at _600.. 
- - Exposed to 3H-thymine at 1+10 







Two mutants were found which ethibited utator activity. 
These nutants were desiGnated T3 3 and S 4. 
Properties of the Teerature-sonsitivo utator -hitants Isolated 
The four temperature-sensitive mutator utantc, - 14, 1T& 2, 
TS 3 and 	4, obtained by the .roccedures described above were 
tested further to determine whether the teu2rture-sensitivity and 
mutator activity resulted freD a single Dutation in a gene whose 
product is required for A replication. 
14 was tested for a primary defect in A synthesis at 
high tei;craturo by following the incorporation of 3H-thymine 
- 	14 into j)tA and 	C-leucine into jroten after transfer to 42
0 
 
The kinetics of incorporation of '{ and 14C into TCA Insoluble 
material are shown in igure 5a. 	figure 5b shove the results of 
a parallel ecpriment with H 16 (wild type control). 	For 
105 minutes after transfer of 14 to 420  no difference between 
the rates of DA and protein synthesis was observed. 	This shows 
that the temperature sensitivity of 14 does not result from a 
1. rimary defect in 1)LA synthesis. 
Temp.r-ture-resistant revertants of -i5S 2 were isolated 
by plating 0.1 ml of an overnight culture on nutrient agar at 41
0 
. 
A number of revertants were purified and tested for mutator activ-
ity at .30° . 	All of the 12 revertants of MTS 2 tested exhibited 
riutator activity. 	This suggests that the mutator activity and 
temperature sensitivity do not result from the same mutation. 
TS 3 and 4TS 4 were found to be leaky temperature-sensitive 
utants and were not studied further. 
iutator Activity of ewperature-censitive i. coil dna utants 
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Figure 5. 	Kinetics of DNA and protein synthesis at 42 
0 
in the temperature-sensitive mutant M 14 and 
in the control RH 16. 
Cultures of M14 and RH 16 were grown at 300 
in enriched minimal medium containing 3H-thymine 
and 	C-.leucine.. 	At a cell density of approx- 
imately l0 8/ml the cultures were transferred to 
L4.2° . 	The incorporation of 3H-thyrnine into DNA 
and C-leucine into protein was followed as 
described in the Methods. section P. 
A 	3H-thymine incorporated 
C'-leucine incorporated 
L . 
in DJA synthesis have been isolated by a number of groups of 
workers. 	The mutants have boon assign.d to seven genetic link- 
age groups on the basis of map 7'osition (see Introduction, sect- 
ion C v), 	:utantc in groups A and C are defective in the initia- 
tion of rounds of replication (Kohiyana, 1968; Hirota et. al., 
1970; Carl, 1970). 	utants in groups 3,D,,P and G are defect- 
ive in precursor synthesis or in replication - .or so. 	Reduced'  
levels of deoxynucleotide triphosphates were not detected at the 
restrictive temperature In a nu.:ber of mutants belonging to groups 
B and G (Bonhoeffer, 1966; ranan and ovick, 1968; Carl, 1970)9 
and mutants in these groups are there1re not defective in recur- 
cor synthesis. 	Mutants belonging to groups B,T, and F have been 
tested for a defect in ribonuclootide reductase with negative res- 
ults (Xaristrom, see Gross In press). 	It is possible that mutants 
in one of the Live groups B,D,,F and G have a detect in the DM( 
1;olymorase responsible.for DA replication. 
I) Screening of dna mutants for mutator activity 
A number of dna mutants, representing each of the seven groups 
recognised to date, were tested for mutator activity at permissive 
temperatures. 	The mutants were tested for an increased frequency 
of mutation to valine resistance and to 6-azauracil rcsistance at 
300. Mutants belonging to the Ldinburgh collection were also 
tested at 3k° . 	The results are shown in Table 8. 
One out of four group A mutants toted, (dna-177A), appeared 
to exhibit an increased frequency of mutation to resistance to 
both drugs testsd. 	Since mutants beiOn,ifl to grour A are defect- 
ive in initiation it seemed unlikely that the mutator activity is 
associated with the dna-177A lesion. 
TABLE 8 
Mutatoz activity of 2, coil dna mutanta  
dna Valine 6-Azauracil 






JO 151 5A - 
o 
- 
Jt7 105 -177A + + + + 
JV7 112 .508A - - 
JVJ 114 517A - - 
JO 155 -27B + R 
JO 157 -22B + ± 
J7 101 dna-107B + R - - 
J7 102 -125B - - - - 
J 1 104 -173B - - P - 
JW 107 -279B - - - 
J7 109 -368B + + - - 
JO 148 -1C 
JO 149 -2C - 
JG153 -7D - - 
JW 111 -486E + 
JVJ 113 dna-511E + P + + 
JVJ 108 g-2931 ± 
Jt7 100 -101F - ± 
JO 32 -308G - - 
JO 34 dng-3990 - P 
Tli designations of the dna mutations are those assigned by 
Gross (in press). 
Qualitative tests for mutator activity were performed as 
described in Methods section L. 
- 	 5 resistant colonies/streak 
5, 20 resistant colonies/streak 
+ 	 20 resistant colonies/streak 
R 	 resistant 
4 5_. 
Three group B mutants (dns-22B, dna-273 and dna-3683), out 
of 9 tested apposred to show an increased frequency of mutation 
to valine resistance only. 	The DA polymeraso II from two 
group 13 mutants (dna-43B and dna-2663) has been purified and 
found to have the same heat stability as the wild type enzyme 
(Moses and Richardson, 1970c). 	This strongly suggests that 
dn&3 mutants do not produce a defective DA polymerase II. 	These 
mutants have not been tested for a defective DA polymerase III. 
Al]. three group : mutants tested (g-486fl, Ana-511E and dna-
293E) exhibited znutator activity at 33 0  and 34° . 	Since outator 
activity appeared to be associated particularly with group E 
mutants, these rutants were studied further. 
Ii) Mutation frequency of dna mutants 
The frequency of mutation to resiàtance to rifampcin, 
6-azauracil and naladixic acid at 300  was determined for the 
mutant strains J?J 111 (dna-486E), fl 113 (dna- 511E) and J.? 108 
(dna_293 1?, ) and for the sarent strain CR 34. 	The results are 
shown in Table 9. 
The mutation frequency of J7 113 was significantly greater 
than that of CR 34 for the three characters tested. 	JJ 108 
showed a slight increase in the freauency of mutation to rifam-
picin and na1adiic acid resistance and J'! 111 showed an increase 
in the frequency of mutation to rifaiipacin resistance only. 
since all three group mutants exhibit some degree of nutator 
activity it seemed probable that the mutator activity of these 
strains is associated with the dna mutation. 
ill) Poversion of temporature-sensitive and mutator characteristics 
In order to determine whether the rnutator activity r€ulted 
Table 9. Mutation frequencies of dna.-.E mutants (mutants/cell) 
Strain 














CR3 1  1.1 x . 6.6 x - 1.6 x lo-7 - 
JW 108 (dna-293E) 3.7 x 10 3 2 x iO 3 2.3 x 10 ' 1.4 
JW 111(dna_486E) 9.6 x10 9 9 7.7 x 10- 10 1.2 2.1 x 1O 1.3 
JW 113(dna-511E) 1.6 x 1O ' iO 6.2 x 10 9 3.1 x 10' 20 
Frequencies are the average of four independent determinations 
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from the dnaE mutation, temperaturo-r esistant revortants of .JJ 
113 were selected by plating 3.1 ml of an overnight culture on 
nutrient plates at / 1 10 . A number of revertants were purified 
and tested for eutator activity at 33 0 . 12 of the 16 temperat-
ure-resistant revertants tested had lost the tutator character-
istic, showing that the mutator activity and tempercture sensit-
ivity result from a single mutation. 
These results provide strong evidence th - t the product of 
the dnaE gene is involved in base selection and may in fact be 
a DA polynerase involved in D~ A replication. 
47. 
PART III DNA Synthesis in Extracts of pol E. :coli Cells 
Introduction 
In vitro DNA synthesis was studied in crude lysates of a 
strain lacking DNA polymerase I and èndanuclease I. Endonuclease 
I is responsible for the majority of the nucleo].ytic activity 
detectable in crude extracts (Durwald and Hoffman-Berling, 1968), 
and may be unmasked during the preparation of the lysate and 
interfere with the detection of DNA synthetic activity. 
Partial purification of the DNA synthetic activity by DEAE 
batch chtomatography was attempted. 
A. Preparation of Crude Extract 
The DNA synthetic activity observed in extracts of 221- 
E. coli cells has been found to be located in the membrane fraction 
of extracts prepared by gentle lysis of spheroplasts1 and in the 
supernatant fraction of extracts prepared by breakage in a press-
ure cell. 	The location of the synthetic activity appears to 
result from its association with the DNA (see Introduction sect- 
ion B ii). 
Lysates of JB 8 (p01 Al, endo 1) cells were prepared by 
treatment with lysozyrne followed by cycles of freezing and thaw-
ing. The lysate and the membiane and supernatant fractions of 
the lysate were assayed for DNA synthetic activity 
iLLysis of cells 
To eliminate the possibility that DNA synthesis in unlysed 
cells made permeable to precursors during the lysis treatment 
might contribute to the DNA synthetic activity observed in a crude 
lysate, it was necessary to ensure that the majority of cells had 
lysed completely. 
18. 
Log-phase cells of JB 8 were harvested, washed once with 0.025 
tris HM (pH 7.6) and resuspended in tris EGTA (0.0251,119 0.005 9 
PH 7.6) containing lysozyme 100 ug/mi at 1+0. 	After a number of 
cycles of freezing to -60° and rapid thawing a large fraction of 
the cells remained intact. However, when cells were washed once 
with tris HC1 (0.025M9 pH 7.6) and once with the same buffer 
containing 0.005M iGTA before treatment with lysozyme, complete 
lysis occured after one or two cycles of freezing and thawing. 
MgC12 was added to a final concentration of 0.005M immediately 
after lysis was seen to be complete by microscopic examination. 
ii) DNA synthetic activity in lysates 
JB 8 cells lysed as described above were spun at 30,000 g 
for 30 minutes. 	The majority of the DNA remained in the super- 
natant. 	The pellet (membrane fraction) was resuspended in 0.025!i 
trio buffer (pH 7.6) containing 0.005N MgC1 2 . 
The uptake of 3H-TTP into cold TCA insoluble material in the 
presence of APP (Lf x 10M) and calf thymus DNA primer was deter-
mined for the lysate and the mombane and supernatant fractions. 
The results are shown in Figure 6. 
The lysate incorporated 3H-TTP into acid-insoluble material 
during the first five minutes of incubation. 
85% of the activity observed in the lysate was recovered in 
the supernatant, which also contained most of the DNA. Approx-
imately % of the activity was found in the membrane fraction. 
In subsequent experiments varying amounts of DNA were found 
in the pellet fraction. 	In the preparation of supernatants for 
future experiments the lysate was sheared in a microblender before 














• 5 	 10 	 15 
Time(min) 
Figure. 	DNA synthesis in crude extracts of JB 
8. 
The lysate and the supernatant and membrane fract-
ions of the lysate were prepared as described in 
the text. 	DNA synthetic activity was assayed at 
280  in the presence of ATP (L x 10 3M),and sonic-
ated calf thymus DNA (kO ug/mi). 
-o—Lysate 
- 0 - Supernatant fraction 
- 0 - Membrane fraction 
14 9, 
the supernatant and facilitated samplinga 
The kinetics of 3H-TTP incorporation in the lysate and super-
natant fraction were similar to the kinetics of DNA syntheis in 
crude systems observed by other workers (Smith et. al., 1970; 
Knippers and Stratling, 1970; Okazaki et. al., 1970). 	The rea- 
son for the rapid cessation of synthesis is not known. 
The product of the reaction was shown to be sensitive to 
DN'ase. 	Addition of 50 ug of pancreatic DN'ase after 5 minutes 
incubation at 280  led to a gradual loss of 3H counts from the 
acid precipitable material (Table 10) 
TABLE 10 
Effect of DN'ase on acid precipitable 3H counts incorporated by 
the supernatant. 	Synthesis was allowed to proceed for 5 minutes 
at which time pancreatic DN'ase was added to one tube. 
Time at 28 
counts/minute In TCA precipitablo material 
No DN'ase + DN'ase 
5 1820 1725 
15 1890 1205 
30 1816 1470 
B. Properties of the DNA synthetic activity in the Supernatant 
The DNA synthetic activity which has been observed in in vitro 
studies of 22 E. coil cells is distinguished from DNA polymer-
ase I-dependent activity by its sensitivity to sulphydryl-block-
ing agents and insensitivity to antiserum prepared against polym- 
erase I. 
50. 
Replicative DNA synthesis in toluene-treated cells is depend-
ent on ATP (Moses and Richardson, 1970a) and on potassium ions 
(Mordoh et. a].., 1970). 	The activity of purified DNA polymerases 
II and III is not dependent on ATP (Moses and Richardson, 1970b; 
Knippers, 1970; Kornberg and Getter, 1971). 	DNA synthetic act- 
ivity in crude extracts prepared by other workers has been found 
to be stimulated 1.5-3 fold by the addition of ATP (Smith et. al., 
1970; Knippers and Stratling, 1970; Kornberg and Getter, 1970). 
The effect of the suiphydryl blocking agent p11MB (para-hydroxy-
mercuribenzoate), ATP, KC1 and DNA primer on the DNA synthetic 
activity observed in the supernatant fraction of lysed JB 8 cells 
was studied. 
1) Effect of pHMB and primer DNA 
Supernatant fraction was prepared as described in Methods 
section Q. 	DNAsynthetic activity was assayed as described in 
Methods section S. The results are shown in Figure 7. 
The reaction was inhibited completely by the addition of 
p11MB (1.5 x 10M). 	It is possible that DNA polymerase II and 
DNA polymerase III both contribute to the DNA synthetic activity 
observed in lysates of 	E. coli cells. 	Since both polymerases 
are p11MB sensitive and no reliable way of distinguishing between 
the two enzymes is known, it is not possible to assess the contrib-
ution of each to the total activity observed. 
The addition of sonicated calf thymus DNA (40 ug/mi) depressed 
the total amount of 3H-TTP incorporated by approximately 10%. 
This effect was also observed by Okazaki et. _al., (1970). 	All 

















510 	 •J5 
Time (mm) 
Figure 7. DNA synthesis in the supernatant fraction of 
lysates of JB 8 in the presence and absence of 
DNA primer and pHMB. 	Assays were performed at 
280 in the presence of ATP (Lf x 10 3M). Sonic-
ated calf thymus DNA was at kO ug/mi, pHMB was at 
1.5 x 10 M. 
—0— + DNA 
-0- - DNA 
-0 .- + DNA, + pHNB 
51. 
ii) Effect of ATP and KC1 
The DNA synthetic activity of the supornatant was assayed in 
the presence and absence of APP (Li x 103N) and of KC1 (0.1N). 
The results are shown in Figure 8. 
The activity was completely dependent on the addition of ATP 
and stimulated approximately two fold by the addition of KC1. 
It seemed possible that ATP is required to maintain adequate 
levels of the deoxynucleotide triphosphate precursors. 	If this 
were so polyriierase I added to the assay should also be dependent on 
added APP. 	0.04 ml of a sonicated extract of pol cells was 
added to 0.16 ml of the supernatant and assays carried out in the 
presence and absence of ATP (4 x 10 3M). 3H-TTP was incorporated 
into acid precipitable material in the absence of APP, the addit-
ion of ATP did not increase the amount of 3H-TTP incorporated 
(Figure 9). No synthesis was observed in the absence of ATP when 
a sonicated extract of Pol cells was added to the supernatant. 
This ipdicates that the requirement of ATP for synthesis In 22-17 
lysates was not due to limiting levels of deoxynucleotide precur-
sors. 
The possibility that the ATP dependence results from a 
requirement for the APP-dependent rec B nuclease (Barbour and 
Clark, 1970; Oishi, 1969) was also Investigated. 	The results 
of this investigation are presented in Part IV. 
C. Partial Purification of the DNA Synthetic Activity from the 
Supernatant 
Partial purification of the DNA synthetic activity in the 
supernatant was attempted following the proceedure of Noses and 
Richardson, (1970b). 
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Figure 8. 	DNA synthesis in the supernatant fraction of 
lysates of JB 8 in the presence and absence of 
ATP and M. 	Assays were performed at 280 . 
ATP was at k x 153M, KC1 at 0.1M. 
-0- + ATP, + ICC1 
- ATP, + KC1 
—0— + ATP, - KC1 



















Figure 9. 	The effect of ATP on the activity of DNA 
polymerase I added to the supernatant 
fraction of a JB 8 lysate. 
0 . 04 ml of a sonicated extract of pol k cells 
was added to (a) 0.16 ml 0.0251 ,11 tris HC1 
(pH 7.6) and (b) 0.16 ml of the supernatant 
fraction of a lysate of JB 8 cells prepared as 
described in the Methods-section Q. 
DNA synthesis was assayed in the presence and 
absence of added ATP (if x 10- 3M), as 
described in Methods section S. 
-0 + ATP 
-0- - ATP 
52. 
DEAE chromatography 
A DEAE cellulose column (DE-11 9 Vihatinan, 8 cm 2x 1205 cm) 
was equilibrated with 042 potassium phosphate buffer pH 740, 
100 ml of a suernatant fraction prepared from 19' gm of. JR 8 cells 
to which potassium phosphate buffer (pH 7.0), 2-mercaptoethano]. 
and EDTA had been added to give a final concentration of 0.214, 
0.001M and 0.001M respectively, was applied to the column follow-
ed byO.2M potassium phosphate buffer (pH 7.0) containing 1mM 
2-mercaptoethanol and 1mM EDTA. 	A single fraction of 120 ml 
containing the major protein peak was collected. 	A portion of 
this fraction was dialysed for 2 hours at 4 against 0.0251M tris 
buffer (pH 7.6) containing 0.905M MgC1 2 and 0.001M 2-mercaptoeth-
anol, and assayed for DNA synthetic activity as described in 
Methods section S. 
Properties of DNA synthetic activity in the eluate 
Figure 10 shows the kinetics of incorporation of 3H-TTP into 
acid precipitable material at 26 ° in the presence of sonicated 
calf thymus DNA and ATP. 	In contrast with the synthesis in the 
crude extract, 311-TTP incorporation was linear for 15 minutes. 
The total amount of 3H-TTP incorporated during this time was approx-
imately 10% of the 3H-TTP incorporated by a sample of the super-
natant which had been dialysed for two hours under the same cond-
itions as the column eluate. 	Though the two assays are not directly 
comparable, due to the non-linearity of synthesis in the superna-
tant, the recovery of activity after DEAE chromatography appears 
to be low. 
The activity in the eluate was dependent on the addition of 
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Figure 10. 	DNA synthesis after partial purification.. 
The DNA synthetic activity in the supernatant 
fraction of a lysate of JB 8 was partially purif-
ied by DEAE chromatography as described in the 
text. 	The DNA synthetic activity in the eluate 
was assayed at 260  in the presence and absence of 
ATP (i x 10 3M) and sonicated DNA primer (LfO ug/mi). 
- A - + ATP, + DNA 
- ATP, + DNA 








ated calf thymus primer DNA (figure 10). Omission of KC1 from 
the assay was without effect. 	The addition of higher concentrat- 
ions of primer DA did not increase the rate of incorporation of 
3H-TTP indicating that the rate of the reaction was not limited 
by the concentration of pririer. 	Further purification was not 
atteripted. 
The complete ATP dependence of the DNA synthetic activity in 
both the crude and partially purified system is note worthy since 
the DA synthetic activity observed by other workers in crude 
systems was stimulated only slightly by APP, (Knippers and Strat-
ling, 1970; Kornberg and Gefter, 1970) and in partially purified 
systems was independent of AT?, (noses and Richardson, 1970b; 
Kornborg and Gefter, 1970). 
544 
?ART IV: The Pole of ATP in DNA Synthesis in Crude Extracts 
Introduction 
A striking feature of the DNA synthesis observed in crude 
extracts was its APP-dependence. 	It has already been shown that 
the ATP Is not required to maintain adequate levels of deoxynuci- 
eoside precursors (see Part III). 	Since DNA synthesis in toluene- 
treated cells, which appears to correspond to true replication, 
Is ATP-dependent (see Introduction section 13i), the role of ATP 
in the crude extract was further studied in the hope that the role 
of ATP in DNA synthesis might be clarified. 
The activity of DNA polymerases II and III is not ATP depend-
ent (Knippere, 1970; Moses and Richardson, 170b; Kornberg and 
Gefter, 1971). Purified DNA polymerase II and DNA polymerase III 
are able to fill in single-stranded gaps in dou.b1e-e4anded DNA 
but unlike DNA polymerase I are unable to act at nicks in double-
stranded DNA (Knippers, 1970; Kornberg and Gofter, 1971). 
The DNA synthesis observed in crude extracts has-not been 
shown to be a limited continuation of replication and It is possible 
that it in fact results from the action of polymerases II and III 
at primer sites produced by the action of a nuclease on endogenous 
DNA. 
An ATP-dependent nuclease with exo- and endonucleolytic act-
ivity has been shown to be Present in extracts of wild type 
E. coil cells but absent from recB and recC mutants (Buttin 
and Wright, 1968; Oishi, 1969; Barbour and Clark, 1970; 
Goidmenk and Linn, 1970). 	To investigate the pocejoillty that 
this nuclease (the rocB nuclease) is required for DNA synthesis 
in crude extracts a p01 recB strain was required. 
'5. 
The combination of recB or recC with PolAl has been shown 
to be lethal (see Gross, in press). 	However, a recB strain 
which lacks polymerase I activity in vitro but appears to have 
substantial polymerase I activity in vivo has been constructed 
(Bazill et. al., 1971). 	This strain was used in the present 
study. 
* 
The recB2I pol-4 double mutant 
* 
The recB21 p01-4 double mutant was constructed by intro- 
* 	 * 
ducing the recB21 mutation into a p01-4 strain. 	The i?ol-4 
mutant is a revertant of the cold-sensitive pol-4 mutation, 
(Gross 	- 	1971) which has regained virtually normal radiat- 
ion resistance, yet has negligible DNA polymerase I activity in  
vitro. 	The reversion does not appear to involve an external 
suppressor and presumably results from a second mutation in the 
polA gene which compensates for the pol-4 defect in vivo but not 
under in vitro conditions (Bazill et. al., 1971). 
* 
DNA Synthesis in the Supernatant Fraction of rocB21 p01-4 and 
recB
+ 
 p01-4 Cells 
* 	+ 	* 
Supernatant fractions of recB21 Pol-4 and recB p01-4 cells 
were prepared 'as described in Methods section Q 	A portion of 
cells was retained after washing with tris and treated with 
toluene as described in Methods section P 	The supernatant frac- 
tions and the toluene-treated cells were assayed for DNA synthesis 
at 280 , The results are shown in Figure 11 
ATP-dependent DNA synthesis was observed in toluene-treated 
recB7 and recB ' cells 	The level of activity was low probably 
as a result of the treatment prior to to1uonisation 
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Figure 11. 	DNA synthesis in toluene-treated cells and 
in supernatant fractions of recB21 Pol- 
and rec pol-Lf 
Toluene-treated cells and supernatant fractions 
were prepared as described in the test.. 
Toluene-treated cells were assayed for DNA 
synthetic activity as described in Methods section S. 
Assays were performed at 280. ATP when present 
was Lf x 10 3M.. 
A 	+ ATP 
- ATP 
The supernatant fractions were assayed for 
DNA synthetic activity at 28 0 . 	AT? when present 
was L. x 10 3M. 	p-HMB when present was 1.5 x 10M. 
A 	+ATP 
-t- - AT? 




in the presence of ATP was about fifteen-fold lower in the recB 
than in the recB ' . 	A fraction of the 3H-TTP incorporation 
observed in the recB supernatant is ATP-dependent and inhibited 
by p-lIMB. 	Virtually all of the synthesis in the recB super- 
natant is ATP-dependent and sensitive to p-lIMB. 
These results indicate that the recB nuclease is required for 
DNA synthesis in crude extracts, and provide strong support for 
the suggestion that the synthesis observed in crude extracts takes 
place at primer sites produced by the action of nucleases on endo-
genous DNA. 
The supernatant fractions were reassayed after 48 hours 
storage at 1+0 . 	The results are shown in Figure 12. 
DNA synthesis is now observed in both recT3 and recB+  super- 
natants. 	Approximately 75% of the activity in the recB and 8576' 
of the activity in the recB7 is ATP-dependent. 	The supernatants 
were considerably less viscous after storage at 4 and it seems 
probable that the action of nucleases other than the recB nuc-
lease, has created primer sites for DNA synthesis. 
The fact that the majority of the DNA -àynthesis'detec table 
in the recB supernatant after storage, is ATP-dependent suggests 
that the ATP-dependence of DNA synthesis in crude extracts does 
not simply ±eflect the requirement for the recB nuclease. 
* 
C. DNA Synthesis in recB21 p01-4 Supernatants in the Presence 
of Added Primer DNA 
If the recB nuclease is required to convert endogenous DNA 
into a suitable primer for the DNA polymerase it seemed possible 
that DNA synthesis could take place in the recB supernatant pro-
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Figure 12 	DNA synthesis in 
* 
recB21 pol-4 an 
storage at 14 0 . 
ATP when present 
+ ATP 
-'tx- - ATP 
supernatant fractions of 
recB poL-14 after 18 hours 
Assays were performed at 280 
was 1+ x 103M. 
57' 
be possible to test whether DNA synthesis in the absence of the 
recB nuclease is indeed ATP-dependent. 
A number of DNA primers were tested. The results are shown 
in Table 11. 	Sonicated calf thymus DNA, renatured sonicated 
E. coli DNA and a reannealled mixture of high molecular weight 
and sonicated E. coil DNA increased the level of DNA synthesis in 
the recB supernatant. 
TABLE 11 
* 
DNA synthesis in the supernatant fraction of recB21 Pol-4 cells 
in the presence of added DNA primers 
DNA primer 	 3H-TTP counts/minute 
incorporated in 15 mm. 
- DNA 
	 100 
Sonicated calf thymus DNA 	 200 
Sonicated E, coli DNA 
	
130 
Peannealed sonicated E. coli DNA 	 225 
Peannealed 1:1 mixture of high mole- 
350 
cular weight and sonicated E. coil DNA 
Sonicated calf thymus DNA and the reannealed mixture of high 
molecular weight and sonicated DNA were retested in the presence 
and absence of ATP. 	The results are shown in Figure 13. 
The DNA syntheee whIch occurs In the recB superatant In 
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Figure 13 	DNA synthesis in the supernatant fraction of 
recB21 pol-4 
*
in the presence of added primer DNA. 
Assays were performed at 28 0 . 	DNA primer when 
present was 1+0 ug/mi. 	ATP when present was Lf x 10 M. 
—o— -DNA, + AT? 
-0- 	+ sonicated calf thymus DNA, + AT? 
—0— + sonicated calf thymus DNA, - AT? 
-A 	+ reannealed mixture of sonicated and 
high molecular weight E. coli DNA, + ATP 
4 	
-- + E. coli primer, - AT? 
58. 
has short stretches of single-stranded DNA at the ends of double-
stranded DNA and the primer made by reannealing a mixture of high 
molecular weight and sonicated DNA would be expected to consist 
of partially double-stranded DNA with single-stranded gaps. Both 
primers would therefore satisfy the requirements of DNA polymerases 
IIarc.L 111. 
* 
Since the synthesis observed in the recB
- 
 p01-k lysate in 
the presence of primer DNA is ATP-dependent it may be concluded 
that the ATP dependence of synthesis in lysates does not simply 
rea,uit from the requirement for the ATP-dependent recB nuclease 
and may indicate the involvement of the ATP-dependent component 
of the replicating complex. 
In order to test whether the DNA synthesis observed in crude 
systems by other workers might also result from polymerase action 
at artificial primer sites, a system more ana)agous to the systems 
used by these workers was developed by G. Bazill. Lysates were 
prepared by gentle lysis of epheroplasts using Brij-58'. 	The 
synthesis observed in this system was also dependent on the recB 
nuclease. 	The results of this work have been published and are 
contained in this thesis as an Appendix. 
59. 
PART V: DNA Synthesis in Crude Extracts of Temperature-Sensitive 
Mutants Defective in DNA Synthesis 
Introduction 
Preliminary tests for temperature-sensitive DNA synthesis 
were performed in crude extracts of a number of.dna mutants. 
Mutants with a defect in the relevant polymerase should exhibit 
temperature-sensitive DNA synthesis in crude extracts. 	However, 
it is possible that other mutants might also exhibit temperature-
sensitive DNA synthesis in this system. 
Since the DNA synthetic activity in the supernatant is short-
lived it was probable that In vitro temperature-sensitivity would 
be detectable only in mutants which cease to synthesise DNA immed-
iately on transfer to high temperature in vivo. Mutants repre-
sentative of groups E,B and G which exhibited this property and 
had been shown to be defective in the toluene-treated cell system 
were studied. 
DNA synthesis in toluene-treated cells has been studied for 
mutants belonging to groups B,D,E,F and G. A number of dnaB 
mutants 	 -43B, 	-266B and 	-70B) have been shown 
to be defective in DNA synthesis. at high temperature (Moses and 
Richardson, 1970a; Kohiyama and Kolber, 1970; Mordoh et. al., 
1970; Peacey and Gross, pers. comm.). 	Peacey and Gross have 
also studied DNA synthesis in j93 derivatives of mutants belong- 
lug to groups D,E,F. and Ge 	The dnaE mutant studied (-486E) 
was defective in DNA synthesis at both 26 ° and 400 i. One group G 
mutant (dna-3080) was also defective in DNA synthesis at low 
temperature, whilst another, j-399G, was active at low temp-
erature and defective at 400. 
60 
Synthesis in the mutants dna-7D and dna-101F which are the 
only known representatives of the groups D and F was not found to 
be defective in toluene-treated cells. 	This is probably because 
these mutants show residual DNA synthesis in vivo for at least 30 
minutes after transfer to high temperature (Peacey, pers. comm., 
Wechsler and Gross, in preparation). 	These mutants were therefore 
not tested in the crude extracts. 
A. DNA Synthesis in the Supernatant Fraction of dna-486E 
In vivo DNA synthesis in the three known group E mutants has 
been examined by Wecheler and Gross (in preparation). 	DNA 
synthesis Etops immediately on transfer to L2.5° in 	-486i only. 
JG 212 (-4869 	_k*) a derivative of JW 111 which has 
negligable polynierase I activity in vitro and JG 213 a 	trana- 
ductant of JG 212 were obtained from J. Gross. 	Supernatant fract- 
ions of JG 212 and JG 213 were prepared as described in Methods 
section Q. 	DNA synthetic activity was assayedat 30 
0  and 40 0  
after 1 minute preincubation at the assay temperature in the 
presence of s-RNA (20 ug/rnl), which was added to inhibit endonuc- 
lease I. 	The results are shown in Figure'lk. 
The total amount of 3H-TTP incorporated by the dna-486E 
supernatant at 3Q0  was approximately one third that incorporated 
by the dna control. The amount of synthesis in both the dna-
486E and .dn.a supernatants was reduced by approximately 50% when 
assayed at kO° . 
Though the activity of dna.4+86E does not appear to be apprec-
iably more temperature-sensitive than that of the 	control, 
the dna-486E mutant appears to be defective in DNA synthesis at 
300, This behaviour resembles that observed in toluene-treated 
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Figure lLf 	DNA synthesis in supernatant fractions of 
dna-486E pol-4 and dna p01-4 at 30
0  and 40 
The supernatants were preincubated for 1 minute at 
the assay temperature in the presence of s-RNA 
	
(40 ug/ml). 	ATP when present was k x 10 3M.. 
—o-- 30° , + ATP 
-D- 30 - ATP 
0
0 + ATP 
61. 
-486E cells (Peacey and Gross). 	The results are consistent 
with the possibility that more than one DNA polymerace contributes 
to the DNA synthesis observed in lysates of wild type cells and 
that one polymerase is defective in lysates of 	-486E4 
DNA Synthesis in the Supernatant Fraction of dna-70B 
A number of mutants in group B cease to synthesise DNA in 
vivo immediately on transfer to high temperature (see eg. Wechsler 
and Gross, in preparation). A £91 derivative of one such mutant, 
dna-70B 9 was used. 	JG 186 (dna-70B p01 Al) constructed by intro 
ducing the .dna-70B mutation into JG llk(pol Al malB) and the 
parent JG ilk were obtained from J. Gross. 	DNA synthetic act- 
ivity In supernatant fractions of JG 186 and JG ilk was assayed 
at 300  and 40P after one minute preincubation In the presence of 
s-RNA. The results are shown In Figure 15. 
The activity of 	-70B and the dna control were approx- 
imately the same at both temperatures. 	This indicates that the 
dnaB gene product Is probably not required for DNA synthesis in 
the crude extract. 
DNA Synthesis In the Supernatant Fraction of dna-308G 
In vivo DNA. synthesis has been shown to cease immediately 
on transfer of a dna-308G mutant to high temperature (Wechsler 
and Gross, in preparation; Peacey pore. comm.). 	JG 204 (a - 
308G 9 pol-k) a Pol derivative of JG 32 (Ina-308G) and a spont-
aneous dna4 revertant of JG 204 were obtained from J. Gross, 
DNA synthetic activity in the supernatant fraction of the- 
308G and dna
+ 	 0 	0 strains was assayed at 30 and kO after 1. minute 
preincubation in the presence of s-RNA* The results are shown 
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Figure 15 	DNA synthesis in supernatant fractions of 
dna-70B polAl and dna polAl at 300  and 40 
The supernatants were proincubated for 1 minute 
in the presence of s-PNA (LO u/m1). ATP when 
preent was 4 x 10 3M. 
—s— 30 ° , + ATP 
—o— 30 ° , - ATP 













Figure 16 	DNA synthesis in the supernatant fractions of 
dna-308G P01-4 and dna p01-4 at 
3Q0 and kO ° .. 
The supernatants were preincubated for 1 minute in 
the presence of s-RNA (kO  ug/mi). AT?, when pres-
ent, was k x 10 3M. 
-o - 3Q 0 + AT? 
-0- 30 - ATP 
-A- 400 + ATP 
0 
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Figure 17 	DNA synthesis in supernatant fractions oT 
dnà-308G pol4 and dna pol4 at 30° , 400 .  and 42. 
The supernatants were preincubated for 5 minutes 
at the assay temperature tn the presence of s-PNA 
(40 ug/mi). 	ATP, when present, was 4 x 10 3M. 
30° + ATP 
—A— 4Q0 + ATP 
42°, + ATP 
62. 
The total amount of 3H-TTP incorporated by the dna strain 
was abnormally high, at 300 and was reduced only slightly at 14.0° . 
The behaviour of this strain differs in this way from the behaviour 
of the dna £2 controls JG 213 and JG 114. 	(see sections A 
and B). 	In contrast the DNA synthetic activity in dna-308G is 
reduced by almost 50% when assayed at 40
0 
. 
The DNA synthetic activity in the supernatant fractions of 
dna-308G and dna was reassayed at 30, 140° and 1+2 after 5 min-
utes preincubation In the presence of 8-RNA. 	The results are 
shown in Figure 17. 
The dna9 control exhibits approximately the same level of 
3H-TTP incorporation at all three temperatures. The activity 
in the dna-308G supernatant when assayed at 
40  and 420 is reduced 
to approximately 60% and 30% respectively of the activity observed 
at 300 . 
Though the DNA synthetic activity in the 	-308G lysate 
appears to be appreciably more thermolabile than that observed in 
lysates of the dna strain used as control, its behaviour is 
similar to that observed with the two 	strains JG 213 and JG 
ilk. 
Until the behaviour of the dna
+ 
 revertant of dna-308G is 
better understood no conclusions can be drawn from these results. 
63. 
DISCUSSION 
A. Identification of DNA Polynerase flutants by their £•lutator 
Activity 
Attempts to isolate mutants with a defect in the DA poly-
merase responsible for DIA replication by isolating nutator mutants 
and screening them for temperature-sensitivity and vice versa 
were unsuccesful. 	However, three temperature-sensitive dna 
mutants belonging to group E (Vecheler and Gross, in preparation) 
have been found to exhibit. an increased froquency of spontaneous 
mutation at permissive temporatures. 	The mutator activity was 
shown to result from the dnaE mutation in the case of at least one 
mutant, Ana-511E. 	The increase in the frequency of spontaneous 
mutation in the three dnaE mutants tested was substantially lower 
than that observed in the mutator mutants isolated by the selection 
proceodure described in Part I. This may explain the failure to 
isolate dnaE mutants by selection for mutator activity. 
The fact that a single mutation in the dnaE gene results in 
temperature-sensitive DNA synthesis and mutator activity strongly 
suggests that the dnaE gene product is Involved in base selection 
during replicative DNA synthesis. Mutator and antimutator activity 
has been shown to be associated with ts lesions in T4 gene 43 
which is known to code for T4 DNA polymerase (Speyer et. al., 1966; 
Drake et. al., 1969; do Waard et. al., 1965)9 showing that T4 DNA 
polymerase functions in base selection. 	utatiOflS in a number 
of other genes concerned with DNA synthesis in T4 have also been 
shown to cause an increase in the spontaneous mutation frequency 
(Drake, pore. comm.; Bernstein, 1971); however the increases 
observed in these mutants are, in general, small compared to those 
64. 
observed in gene-.43 mutants. 	Since significant mutator activity 
was found to be associated specifically with dnaE mutants,, and 
generally not with mutants belonging to the other groups, it 
seemed possible that the dnaE gene product is a DNA polymerase 
required for replicative DNA synthesis. 
The results of tests for temperature-sensitive DNA synthesis 
in crude extracts were consistent with this hypothesis. 	The 
level of DNA synthetic activity observed in.lysates of 	-1+86E 
cells was threefold lower at both 300  and 40 than that observed 
in lysates of a dna transductánt of this strain. Furthermore 
Peacey and Gross (pers. comm.) were unable to detect DNA synthetic 
activity in toluene-treated 	-486E cells at 300  or kO° . 	During 
the course of this work the isolation of two distinct DNA poly-
merase activities from pol E. coli cells was reported (Kornberg 
and Getter, 1971). 	It seemed therefore possible that more than 
one polymerase contributes to the synthetic activity observed..in 
• the crude lysate system described in Part III and that one polymerase 
activity (possibly DNA polymerase II or III) was absent from lysátea 
of 	-486E, whilst the activity of the. other polymerase(s) was 
normal. 	Since attempts to purify DNA polymerase II and III were 
unsuccessful it was not possible to test this hypothesis. 	The 
possibility that the dnaE gene codes for a component of the 
replicating complex other than a polymerase, which is able to 
influence the spontaneous mutation frequency and is required for 
synthesie in crude extracts could not beexciuded on the basis of 
the results presented. 
Since the completion of this work the an"- gene nas been.- 
shown to code for DNA polynierase III (Getter, Hirota, Kotnberg and 
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Wechsler, in preparation). These workers have purified DNA 
polymerases II. and III from a number of dna mutants representing 
all seven dna groups. 	The activity of purified DNA polymeraso II 
was not found to be thermolabile in any of the mutants tested. 
The activity of purified DNA polymerase III was found to be defect-
ive at 45 in each of three dnaE mutants, including dna-511E. 
In the case of dna-486E no polymerase IM- activity was detectable 
at 450 or 'at 300. 
This,-result supports the hypothesis, that more than one poly-
merase activity contributes to the DNA synthetic activity obeer'.ed 
in the lysate. system described., and that one. polymerase in fact. 
polymerase III)' ia inactive in lyates of. dn3Lf86.. 	The results 
of Gefter 	show tht, DLA polymerase II is req.iired for 
replicative DNA synthesis 	. 	 ' 
The , fadt that DNA polymerase 'III is required for DNA replic-
ation and is Involved in base selection constitutes strong 'evidence 
that this polyrnerase Is resp9nsible for the polymerisation of bases 
during replicative DNA synthesiso 	The alternative possibility 
that the 'function of polymerase III is to monitor errors arising 
during replication is rendered unlikely by the observation that 
	
NA synthesis ceases immediat1y on transfer of 	-486E clla to 
since a defective monitoring system would be expected to affect 
the continuation of synthesis only after. some delay4 However a 
further possibility namely that 'DNA polymerase III functions in 
the charging of a hypothetical DNA precursor molecule (analagous 
to t-iNA), cannot be excluded. 	In this case polymerisation would 
have to be an integral step in the charging process in order to 
account for the ability of polymerase III to act as a conventional 
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DA polymerase in vitro. 
The driaE locus is traneductionally linked to tonA (7echsler 
and Gross, in preparation). A number of mutator mutants have 
been mapped in this reCion of the chromosome. The Qutant desig-
nated ant (Zamenhof, 1966) and one mutant isolated by Liberfarb 
and Bryson (1970) have not been accurately mapped and may be located 
in the dna acne. 	The mutator mutant, mutTi, which has been 
shown to be unable to induce mutations in the absence of DNA synth-- 
esis (Cox, 1970) has been shown to be closely linked to the azi 
locus (Cox and Yanofaky, 1969). MutTi and tnut2 which is closely 
linked to mutTi (Helling, 1968) are therefore not located in the 
dnaE gone 
The mutator activity of dnaE mutants may be useful in studying 
the role of polymoraso III in base selection and in the replication 
of various phage and episomes; if thd mutagenic polymerase induces 
mutations in a phage or in an episorne this would suggest that the 
host DNA polymeraso plays a role in the replication of that element. 
In addition it should be possible to study the mutational specif-
icity of different mutant polymerasea by examining the reversion 
of known trPA mutants, as described in Part I. 
B. DNA Synthesis in vitro 
The study of DNA synthesis in vitro is of interest mainly for 
the purpose of identifying the various components of the replicat-
ing complex. For this purpose a system is required in which the 
synthesis observed is related to true replicative DNA synthesis. 
In such a system temperature-sensitive dna mutants should behave 
as in vivo. 
The properties of a crude in vitro system were studied 
(Parts III and IV). 	The most natoble feature, of the synthesis 
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observed in the system described in Patt III was its complete 
ATP-dependence. 	Investigation of the possible Involvement of the 
ATP-dependent recB nuclease led to the discovery that DNA synthesis 
is not detectable in freshly prepared extracts of recB7 cells, 
indicating that synthesis is completely dependent on the recB 
nuclease. Since purified DNA polymerase II and DNA polymerase 
III require primer DNA with single-stranded saps, the simplest 
explanation of the requirement for the rocl3 nuclease is that the 
DNA synthesis observed is not a continuation of replication at 
the fork which pre-existed in vivo, but takes place at artificial 
primer sites created by the action of the recB nuclease on endog-
enous DNA. 
Since the DNA synthetic activity in crude systems studie by 
other workers is not markedly.ATP-dependent, synthesis in these 
systems cannot have an absolute requirement for the recB nuclease 
It seems probable, nonetheless, that synthesis in these systems 
also occurs at artificial primer sites, created by the action of 
some other nuclease, possibly exonuclease III. 	ixonuclease III 
/reated DNA is known to be a suitable primer for DNA polymerase 
II and ,III (Kornberg and Gefter, 1971). 	The, reason for the 
differences observed between the crude systems previoxs1y described 
and that used in the present study is unclear, but 'iay result 
from slight idifferences in the metiiod of preparation of the extract. 
Though DNA synthesis is not detectable in freshly prepared 
lysates of recB cells, synthesis was observed in recB lysates 
after storae at k° i 	It seems probable that this synthesis takes 
place at primer sites created by limited digestion of the DNA by 
nucleases other, than the rocB nuclease during storages 	DNA synth- 
.0 
eels was also observed in the absence of the recB nuclease when 
partially single-stranded DNA was added to freshly prepared recB 
lysates. This result supports the conclusion that the recB 
nuclease Is required for the creation of suitable primer sites in 
freshly prepared lysates. 
In both cases where synthesis was observed in the. absence of 
the recB nuclease the synthesis was APP-dependent; this implies 
that the ATP-dependence of synthesis in rec lysates does not 
simply reflect the requirement for the recB nuclease. 	It is not 
clear whether this additional ATP-dependence indicates that the 
component which is responsible for the ATP-dependence of true DNA 
replication is required for synthesis in the system studied or 
whether it results from some additional artefact. 
C,, DNA Synthesis In Lysates of dna Mutants 
Three dna mutants were tested for defective DNA synthesis 
at 1+00  in crude lysatec. 
The results of such tests on lysates of dna-486E have been 
discussed above. 
No difference was observed between the behaviour of the 
group B mutant, 	-70B, tested and the cina ' control, indicating 
that the .dnaB gene product is probably not required for synthesis 
in the lysate. 
Though the synthesis observed in lysates of dna-308G appeared 
to be appreciably more thermolabile than synthesis in lysates of 
the 	control, it is not possible to draw conclusions from 
these results since the behaviour of the control strain appears 
to be abnormal. 
An in vitro DNA synthesising system the properties of which 
69. 
closely resemble those of replicative DNA synthesis has been reported 
by Schaller et. al., (in press). 	A large number of temperature- 
sensitive mutants, in which DNA synthesid is arrested immediately 
on transfer to high temperature, have been shown to exhibit a 
significantly reduced level of DNA synthetic activity at non-
permissive temperatures in this system. 	DNA synthetic activity 
at high temperature was found to be restored by the addition of 
soluble factors in the cads of dnaE mutants. 
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APPENDIX 
DNA SYNTHESIS IN MATES 
OF PEC B AND REC E.COLI CELLS 
G.W. BAZILL, R. HALL AND J.D. GROSS 
NATURE NEW BIOLOGY, M. 281, (1971) 
DNA Synthesis in Lysates of RecB - 
and Rec E. co/i Cells 
THE isolation by Dc Lucia and Cairns' of a mutant (pot-)' of 
E. co/i that lacks DNA polymerase I has led to the demonstra- 
tion of in vitro DNA synthesis that is independent of this 
281 
enzyme. Moses and Richardson' have observed prolon:cd 
and extensive DNA synthesis alter treatment of jmI or Po/-
cells with toluene. This synthesis is strongly dependent on 
,Vl]' as well as on deoxynueleoside triphosphates. Several 
groups of workers have observed synthesis in lysates of peni-
cillin or lysoi.yiuc-indueed pol spheroplasts' '. The synthesis 
was short lived but was reported to proceed at a rate of chain 
growth comparable to the rate in rim, and was interpreted as a 
limited continuation of real replication at the original 1rosvth 
point. An enzyme, DNA polymerase II, which may be respon-
sible for DNA replication has been extracted and purled 1mm 
both poi and pal' cells' In purified form, this entyme 
does not require ATP. It can repair gaps in DNA which has 
been made partly single stranded by treatment with cxo-
nuclease Ill, but unlike polymerase I it is not able to act on 
a nicked, cndonucleasc-trcatcd DNA primer. Sulphydry! 
blocking agents inhibit polymerase 11, but not polymerasc I. 
There is good evidence that the DNA synthesis observed in 
toluene-treated cells corresponds to true in t'imo DNA replica-
tion as it is therniosensitive in several genetically-distinct classes 
of E. co/i mutants in which in riro DNA synthesis is blocked at 
high temperaturc 2° '. However, similar evidence has not 
been reported for the short lived DNA synthesis in spheroplast 
lysates and we now present data indicating that this synthesis 
does not represent true replication. 
Our work was prompted by the observation (Fig. In) that 
DNA synthesis in poI lysatcs resembles synthesis in tolucac-
treated cells in that it is almost completely ATP-dependent. 
We therefore decided to examine more closely the role played 
by ATP in sphcroplast lysates. The synthesis observed by us, 
as by others, does not require the addition of exogenous DNA 
(in fact it is somewhat depressed by it), and the product of the 
synthesis is sensitive to DNAase treatment. We were able to 
show that the ATP is not required simply to regenerate deoxy- 
S 	 a 
I 	rec'po1.4 
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Fig. I Log phase cultuies (80 ml.) of E. coil pai-4° and E. co/i pol-4 rccB2) were grown at 
37° C in Difco L broth to a density of 3 x 10 81ml. The bacteria were collected by centrifugation 
and suspended in 40 ml. of an ice cold solution containing sucrose 0.5 M, KCI 0.1 M, NaCl 
0.025 M, Tris-HCI pH 8.0, 0.05 M and EDTA 0.001 M. The suspension was centrifuged at 
8,000g for 10 inin and the washed cells were suspended in 2 nil, of 0.5 M sucrose solution con-
tainingo.l M KCI, 0.025 M NaCI and 0.05 M Tris-1-lCl.pH S. without EDTA. After 5 nun at 
370 C the suspension was added rapidly to an equal volume of cold 0.05 M Tris-HCI, 
p1-1 8.0, containing 100 jg/ml. lysozyme. The mixture was kept at room temperature for 5 nun, 
then at 40  C for 10 mm. Microscopic examination showed complete conversion to sphcroplasts. 
Magnesium chloride was added to a concentration of 0.005 M, then 'Brij 58' (0.5%) was added. 
Alter 5 rilin at room temperature the lysate was returned to an ice bath and 0.4 nil. portions in a 
final volume of 0.5 ml. were used in the assay for DNA synthesis. The composition of the 
reaction mixture (final concentrations) was: dATP, dGTP, dCTP, 2.5 x l0 M: 1lTTP. 
10 M; ATP, when present, 4 x 10 M; MgCl.,. 0.01 M: KCI, 0.08 M. Tris HCl, pH 8.0, 
0.05 M. The specific activity of the 3 HTTP was 125 Ci/nuol. Sodium p-hydroxyrnerCUrt-
bcnzoatc, when added, was l.Sx 10 M and incubation was at 30° C. At intervals, 0.05 ml. 
samples were taken on to paper disks ('Whatman 3MM', 2.5 cm) and immersed immediately in 
5% trichloroacetic acid containing 0.01 M sodium pyrophosphate. The disks were washed 
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Fig. 2 Log phase cultures (20 mI.)of E. co/i pol4 and the pol' 
parent strain were grown at 37°C in Difco L broth ton density of 
. 1 0"nil. The bacteria were collected 1w centriftugation and 
isied in 1.5 ml. 0.1 M KCI butTe red with 0.025 M Tris 1-ICI, 
7.6. Toluene (0.015 ml.) was added: the suspension was 
agitated (vortex mixer) for 2 min at room temperature, then 
Ift a ice for 20 mm 0.2 ml. portions (in a final volume of 
0.25 ml.) vcrc used in the assay for DNA synthesis. The 
composition of the reaction mixture was as given in Fig. 1, 
except that MgCl 2 concentration was 0.006 M instead of 0.01 M. 
Pancreatic dcoxyribonuclease, when required, was added at 0.4 
Incubation was at 30° C. At intervals 0.05 ml.samples 
were taken on to paper disks and treated as described in Fig. 1. 
Q, ± ATP; 0, - ATP; 0,— ATP+ PHM B + deoxyribonuclease. 
nucleoside triphosphatcs, because the addition of a small 
quantity of DNA polvmerasc Ito such it lysate caused extensive 
synthesis in the absence of ATP (data not shown). An ATP-
dependent nucleasc which has both cxonucleasc and endo-
nucleasc activity has been shown to be present in lysates of wild 
type E. coil but absent from rccB and rccC mutants" - ' - . It 
seems possible that this nuclease might be acting on endo-
genous DNA to produce primer sites for DNA polymcrasc II 
or for some other enzyme that has more stringent primer 
requirements than DNA polyrnerase I. To test this hypothesis, 
we constructeda strain that lacked the nuclease (which we shall 
refer to as the recB nuclease) as well as DNA polymerase I. 
Several workers (see ref. 16) have observed that the com-
bination of po/-I with iceB or recC mutations is lethal. The 
sante is true of pot-4". We therefore attempted to prepare a 
rec B - strain which would lack DNA polymcrasc I in vitro but 
would have substantial polymerase I activity in l-ira. 
Signer, Cairns and Gross (unpublished results) have observed 
tiat many rcvcrtants of poi-4 that regain virtually normal 
radiation resistance still have negligible DNA polyrnerase I 
activity in vitro: The characteristics of radiation resistance and 
lack of polymerase activity in titro are transduced together by 
l'l lysates grown on such revertant strains, and are linked to 
metE, as are all pol mutations. Such revertants do not, there-
fore, involve an external suppressor mutation, and presumably 
result from a second mutation within the pol,l gene which 
compensates for the pal-4 defect in Pit-6, but not in vitro. 
To construct the double mutant, we mated a-thy - strain 
carrying such a pül.4 re- e-rsio-n (ce1eted on the basis of resist-
ancc to methyl methane sulphonatc and designated pa1-4 *) with 
an appropriate recTh Hfr strain (JC5412; ref. 21) and selected 
for transfer of t/:y to which the reeB locus is linked. The 
recombinants that appeared were of two sizes; the small ones 
pr;'.ed to be recB, the large ones rec. One recombinant of 
caci. zypc was retained. 
Figs. 1 a and lb show typical results obtained with lysatcs of 
sphcroplasts of recB and recB derivatives of the poi4'  
strain. The :ttnOiint of synthesis observed in the p ......, 	of 
All' is consistently about ten times lower in the itci; 	:.riva- 
tive (Fig. lit) than in the re(-B' (Fig. It:) and in each case all 
incorporation is abolished by the stilphydrvl l,li,ckim aycnt 
j,-hvdro.xvmcrcuribcuzoale (l'l lM It) indicatiitt that there :s no 
contribution from DNA l)OlYmcrasc I. The small ainotitit of 
residual synthesis in the red lysate is partially ATP-depciidcnt 
while the synthesis in the retil lysatc is almost compktc!y 
All'-dependent. The :ttklitittn of I Part in 15 of the ,ec 
lysutc (itself cotitribtititig negligible DNA synthetic activity) to 
a i -tell Isate permitted about half as much synthesis as 
occurred in the undiluted rcc/P. lysate (1: 1g . 1 c). This result 
indicates that a small amount of the nuelcasc from the red 
lysate is sufficient to restore almost full DNA synthetic activity 
to the reeD - lysate. 
The dependence of DNA synthesis in spheroplast lysates on 
the reeD nucicase may be explained in two ways. (I) The 
synthesis observed in lysates is a true continuation of the 
process of DNA synthesis in viva, and recB nuclease is required 
for this process. (2) The synthesis in lysates is not a true con-
tinuation of/it vito replication, but derives from artificial primer 
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Fig. 3 Cultures of E. co/i poi-4 and E. eo/i p;I-4 • ree 1121 
were treated with toluene and assayed for DNA synthesis as 
described in Fig. 2. 0. rcc po/.4*: Ct, rccpoI4 . —MI'; 
, rcclJ21 pal-4'; 0, rceB21 poi4, —ATP. 
The first hypothesis implies that rerB nuclease should he 
required for DNA synthesis in tire. This is clearly not the case, 
since rc'cB and reeC mutants exist arid a strain with it deletion 
of both genes has been isolated (Karlström, 0.. personal com-
munication). The inviability of Red FolA - mutants. howc cr, 
suggests the farther possibility that polymerase I, which has 
exonuclease activityt 9 ' 20, might be able to compensate for the 
absence of recB nuclease. in that case, DNA replication would 
be possible in PolARecB and PoIA - RccBr bacteria hut 
would not take place in the absence of both polymerase I and 
the recB nuclease. We cannot rule out this hypothesis at 
present because we have no evidence thatthe pal-4 ma:. 
affects the cxonucleasc activity of polyncerase I, hut some 
evidence against it is provided by observations on DNA 
synthesis in toluene-treated cells. The pa1-4 * mutation 
abolishes detectable synthesis by DNA polyrnerase I in 
toluene-treated cells, as well as in cell extracts, but substantial 
ATP-dependent DNA synthesis nevertheless occurs in toluene- 
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treated ,edll2l pol-.I s  cells. The absence of polymerase I 
activity is established Lw the &I:it;i in Fig. 2, which shows 
that tolticiic-Ircatcd poll cells carry 0th cstchlsivc VII' I 
cnIcnt Synthesis ill the 	scnce of ;inercatic dcoxvi'iho- 
iclease and P11 IN  It, whereas no Nk iel I NN'11111cSiS is detected 
in poi-4' cells. l')NAase treatment has heeui shown pre-
viously to simulate DNA p'vncI'ase I activity in toItene-
trc.iicd cells, but not ill /i)l cj5:  •l•he ability Of toILkne-
treated /'Ø/./ • r,eb2I cells to cu'iv out .\'l'-Ieeiulent 
synthesis is shown in 1g. 3. ftc reduced 'ale of svthcsis 
is consistently observed and is probably adequately accounted 
lor by the slower growth rate and lower viability of rccB 
compared with rcrB cells. We conclude that DNA chain 
elongation can occur in the absence of both DNA polymerase I 
and the rccli nucleasc. It may be noted that even if pal-4 * 
cells retain polymerase 1-associated exonucleasc activity, the 
fact remains that DNA synthesis is observed in the toluene-
treated recB derivative but not in lysates of this derivative. As 
the recB nuclease is not required for in viro replication but is 
necessary in lysates, we infer that little if any of the DNA 
synthesis that we have observed in such lysatcs corresponds to 
true in vivo replication. It remains to be determined to what 
extent, this is also true of the synthesis observed by other 
workers. 
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